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PREFACE. 



The design of machinery is sometimes defined as the science of 
reasonable approximation. Comparatively few of the methods 
necessary in fixing the proportions of machine parts fall under the 
established formulae of Physics or Applied Mechanics. It is only 
by a skilful adaptation of theoretical deductions to practical 
requirements that the science of Machine Design may claim a 
right to legitimate and useful existence. 

With the hope of harmonizing still further the rational methods 
of both theory and practice, the authors of this volume have sought 
to incorporate in its pages the most direct procedure possible in 
the design of pressure apparatus. As a basis for the broader study 
of Machine Design it is believed that problems of this character 
possess peculiar advantages. The definiteness of the loads in 
pressure vessels and the reliability of the materials usually em- 
ployed in their construction are incentives to intelligent and 
accurate calculation. Wherever possible, results have been 
obtained by rational rather than empirical methods. The usages 
of current boiler-making practice have been kept constantly in 
view. Numerous assumptions have necessarily been made but in 
every case it is believed a conservative reason has been given as 
their basis. • 

The last five chapters serve to illustrate the application of the 
principles and formulae previously deduced to the practical design 
of various types of boilers and pressure vessels. It is hoped that 
the definite program followed in these problems may be of value 
not alone to students but to the boiler-making profession as well. 
The data and constants assumed are derived from actual practice 
and represent wide margins of safety in regard to boiler perform- 
ance and construction. The design of water tube boilers is 
largely the result of ripe experience and well established prece- 
dent. Aside from a few features in connection with the steam 
drum, their proportions can rarely be determined by calculation. 
Hence it has not been considered wise to include in this work 

the specific design of a boiler of this class. 

m 
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THE DESIGN OP STEAM BOILERS 
AND PRESSURE VESSELS 



CHAPTER I. 

GENERAL PRINCIPLES. 

Before the construction of pressure apparatus of any kind 
can be undertaken a clear conception must be gained of the 
fundamental principles which underlie such work. The design 
of steam boilers entails much more than an extended applica- 
tion of the theory of mechanics or of the strength of materials. 
The presence of heat energy and the effect of impure water 
complicate the problem and introduce many questions outside 
the usual realm of machine design. 

The vast increase in the use of steam-generating apparatus 
during the last fifty years has been the natural accompaniment 
of the corresponding growth in manufactures and commerce. 
Considering the last three decades alone, the United States 
census reports show that the number of horse-power developed 
by steam boilers connected with manufacturing operations has 
increased from approximately 2,000,000 in 1880 to 14,000,000 in 
1910. When it is considered that these figures represent con- 
ditions in this country alone, and comprise but a small frac- 
tion of the total amount of steam and hot water handling 
machinery, the importance of sound and rational methods of 
design for such apparatus needs no further emphasis. 

The appalling catastrophies which, from time to time, fill the 
columns of the public press indicate in no uncertain manner 
the fearful hazard to which multitudes of human lives are daily 
subjected by proximity to confined steam pressure. The heat- 
ing of buildings, the transportation of passengers by rail and 
water, and the generation of power for manufacturing pur- 
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2 BOILERS AND PRESSURE VESSELS 

poses bring into all walks of life the presence of vast aggrega- 
tions of energy, the handling of which must be accomplished 
with consummate care or fearful casualties will result. The very 
first requisite, therefore, to be considered in the design of steam 
boilers and other pressure vessels is safety. No one can measure 
the damage to life and property which exploding pressure ap- 
paratus may entail. Operating eflSciency and commercial 
economy fall into insignificance when compared with safety. 
That steam handling appliances should confine their working 
pressures with a liberal margin of safety must always therefore 
be made the basis of the calculation and design of such ap- 
paratus. 

1. Difficulties in Design. — The increasing difficulty in the 
design and manufacture of steam boilers springs from a number 
of sources. With the use of steam turbines and reciprocating 
engines of multiple stage and expansion there has been a great 
increase in the steam pressures required. Whereas a few years 
ago pressures of 100 to 125 lbs. per square inch were considered 
high, at present steam apparatus is often designed to sustain 
from 200 to 250 lbs. per square inch. 

The number of horse-power comprised in one boiler unit has 
also been greatly increased of late. A one-hundred horse-power 
boiler was once considered a good-sized power unit. Most man- 
ufacturers at present guarantee a development of two to three 
times this amount per boiler and in case of water-tube boilers, 
horse-power units ranging as high as 600 and 700 are frequently 
encountered. 

The congested condition of manufacturing enterprises in 
cities, as well as the increased horse-power added to old plants 
as they develop, often puts floor space at a premium. This 
requires vast aggregations of power in very limited quarters and 
frequently necessitates the placing of boilers in tiers upon suc- 
cessive floors. The complications arising from such arrangements 
call for very great skill and foresight on the part of the designer. 

With the increased cost of fuel there has arisen a demand for the 
generation of steam by burning various grades of coal formeriy 
regarded as refuse. As an instance of this, the Lackawanna 
Railroad some time ago adopted a type of locomotive with wide 
grate especially designed for burning culm or anthracite slack. 
In this manner accumulations of fuel previously considered as 
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useless have been made to serve a valuable purpose and return 
a generous revenue to the railroad. The construction of such 
very wide fire boxes has proved a diflScult problem for the 
designer. 

The purity of the water used in generating steam has much to 
do with the life and eflSciency of the boiler. Especially is this 
true in the Western States, where many waters are found heavily 
impregnated with the carbonates of lime and magnesia. The 
precipitations from such feed waters after boiling are very con- 
siderable. When allowed to settle and bum on, such deposits 
form a thick scale which interferes seriously with the prompt 
transfer of heat through the boiler plate. For this reason where 
such feed waters are to be used the designer must allow wide 
margins of safety to compensate for the weakening effect of 
overheated and burned plates. 

With the development of the steam turbine and the constant 
demand for stricter economy in the consumption of steam, the 
use of the superheater has come into prominence. For the 
lower degrees of superheating a portion of the boiler itself may 
be made to comprise the superheater. Such, for instance, is the 
function of the fire tubes of vertical boilers where they pass 
through the steam space. For high degrees of superheating a 
separate piece of apparatus placed in the path of the hot gases, 
or over a furnace entirely independent of the boiler, may be made 
to perform the oflSce. In either event the transfer of heat to 
the vapor is not as prompt as to a liquid. Superheating mem- 
bers must therefore be designed with direct reference to their 
wasting away under the effects of overheating and with full 
provision for their repair and renewal. 

The last and perhaps the most serious of the difficulties to be 
encountered in designing boilers is the necessity of securing a 
large capacity for overload. Time was, when the manufacturer 
of boilers considered that he had done extremely well in providing 
for an overload of one-third the original rating. At present, how- 
ever, under certain conditions in naval vessels, as well as in the 
generation of current for use in electric traction, provision must 
be made for carrying peak loads two to three times the normal 
horse-power. By means of certain mechanical stokers, boilers 
have been forced to these excessive capacities for very short inter- 
vals. This is not done by an increase in pressure but rather by a 
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more rapid coal consumption under forced draft. To endure such 
treatment without injury and insure the safety of operatives and 
attendants as well, the boiler must embody factors of safety in its 
design upon which entire reliance may be placed at all times. 

2. Recent Improvements. — In contrast to the above diffi- 
culties in the design of modem pressure vessels, there may be 
enumerated certain great advances. Far better materials than 
formerly await the hand of the designer and manufacturer. 
Comparatively few years ago steel was not considered a fit 
material for boiler shells, because of its lack of ductility. 
Wrought iron was used exclusively for the purpose. At present, 
however, " flange steel " is obtainable of a tensile strength one- 
fourth greater than that of wrought iron, and at the same time 
with sufficient ductility for the most exacting requirements. 
The same is true of rivet steel. But very few designers now 
specify puddled wrought iron for boiler rivets. It is a significant 
fact in this connection that in 1909 one of the largest manufactur- 
ers of boiler tubes in the United States voluntarily relinquished 
the use of wrought iron for the purpose, devoting since then 
their entire energies to the manipulation of soft steel for pipes 
and tubes. It would appear from this that modem open-hearth 
steel is soon to take its place as the material preeminently fitted 
for the manufacture of steam boilers throughout. 

There is a second great advance as regards machine tools. 
The modem boiler maker has at his command powerful and 
accurate tools for performing every class of operation. Hand- 
work, with its personal equation and consequent lack of uni- 
formity, has largely been eliminated while accurate and uniform 
mechanical operations have taken its place. Portable tools 
driven by air or electricity relieve the mechanic of many arduous 
tasks and provide him with a never faiUng source of energy. A 
boiler shop is now conducted with much the same definiteness 
of organization that one will find in a first-rate* machine shop. 
Slipshod methods have given place to intelligence and direct- 
ness. The drift-pin, once a much used tool in riveted work, has 
largely been retired to the shelf. 

Lastly may be mentioned the ever-increasing array of laws 
and ordinances which have been framed of late to keep the 
boiler maker's feet in paths of rectitude. Federal supervision 
over the boilers of steam vessels is ample and well administered. 
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The principles laid down in the " Rules of Supervising Inspec- 
tors " are sound and conservative. Among the states, Massa- 
chusetts has taken the lead in making the design and manufacture 
of boilers and air tanks a matter of public statute and in placing 
the inspection of such pressure vessels in the hands of the State 
Police. Other states and countries, to a more or less degree, 
have followed in the same direction. The Dominion of Canada 
has an excellent set of boiler rules. Besides these legal enact- 
ments many private insurance and casualty companies have in 
force excellent codes of regulation. 

3. Boiler Horse-power. — The use of the term horse-power 
in connection with steam generator is at best more or less 
arbitrary. Originally the term was intended to convey the idea 
that, with the given boiler attached to an engine of ordinary 
economy and developing under rather adverse conditions the 
stated horse-power, there was an anxpie margin of evaporative 
resource on the part of the boiler. 

In the year 1886 this rating was summarized by the American 
Society of Mechanical Engineers in the statement that one 
boiler horse-power was equivalent to the evaporative energy 
necessary to turn 30 pounds of feed water per hour taken 
into the boiler at lOO*' F. to dry steam at 70 pounds per 
square inch gage pressure. Since the stereotyped conditions of 
the above definition were rarely found to fit a given case in 
practice, the same organization of engineers in 1898 defined a 
boiler horse power as equivalent to the evaporation of 34.5 
pounds of water per hour to dry steam from and at a temperature 
of 212** F. This was practically equivalent to the performance 
given under the definition of 1885. The heat of vaporization 
of one pound of dry steam at 212° F. is 969.7 B.T.U. Hence 
one boiler horse-power corresponds to the absorption of 33,455 
B.T.U. per hour. 

There is no definite relationship between boiler and engine 
horse-power. Depending upon the excellence of the valve gear 
and general design, as well as upon the pressure and degree of 
saturation of the steam used, an engine will develop one indi- 
cated horse-power upon a water consumption varying from 10 
to 60 pounds per hour. Hence one boiler horse-power roughly 
corresponds to a range of engine horse-powers varying from 3 
to 0.5. 



6 BOILERS AND PRESSURE VESSELS 

A more accurate comparison may be made with reference to 
the heat consumption of the engine. A modem steam engine 
of approved pattern will generate one indicated horse-power at 
an expenditure varying from 200 to 400 B.T.U. per minute. 
The heat consumption depends upon whether the engine is 
arranged for single or multiple expansion, for saturated or 
superheated steam, or for running condensing or non-condens- 
ing. Taking the thermodynamic equivalent of a boiler horse- 
power as 33,455 B.T.U. per hour and the above range of 
heat consumption at the engine, one boiler horse-power will 
cover from 1.4 to 2.8 engine horse-power. Wherefore in de- 
signing large plants it is generally considered sufficient to pro- 
vide boiler horse-power equal to half the indicated horse-power 
of the engines, there being at the same time sufficient margin 
for laying off boilers due to cleaning and repairs. 

In framing the above general definition the committee of 1898 
made the following statement: "A boiler rated at any stated 
capacity should develop that capacity when using the best coal 
ordinarily sold in the market where the boiler is located, when 
fired by an ordinary fireman, without forcing the fires, while ex- 
hibiting good economy; and, further, the boiler should develop 
at least one-third more than the stated capacity when using the 
same fuel and operated by the same fireman, the full draft be- 
ing employed and the fires being crowded, the available draft 
in the flue just beyond the boiler, unless otherwise understood, 
being not less than one-half inch water column." 

4. Thermal Boiler Efficiency. — The relation of the heat 
absorbed by the water in the boiler to that generated by the 
combustion of the fuel is the efficiency ratio for a given boiler 
performance. With good firing and a well-designed plant this 
figure ranges from 65 to 75 per cent. 

5. Sizes of Units. — While there are no exact limits in regard 
to the maximum or minimum generating capacity for which a 
boiler unit may be designed, there are, however, certain prac- 
tical considerations in relation to the type of boiler chosen 
which govern the sub-division of horse-power. Small boilers for 
special purposes have been designed without definite limit as to 
rating. For manufacturing enterprises it is rarely wise to in- 
stall stationary boilers of less than 50 horse-power, although 
horizontal return tubular boilers are built in sizes as small as 
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20 horse-power. Portable and semi-portable boilers of the loco- 
motive and vertical type are frequently designed for units 
as small as 15 horse-power. For Scotch boilers the question 
depends upon the acconmiodation of the internal furnace. To 
provide reasonable grate room in a combustion tube, requires a 
minimum diameter for the external shell of approximately 6 
feet and a corresponding rating of about 50 horse-power. Sec- 
tional and water-tube boilers are in general concentrated power 
units of high rating. Except for steam-heating purposes it is 
rarely good practice to specify such boilers of less than 100 
horse-power. 

Passing to the other extreme, the concentration of power in 
very large units depends primarily upon the ability of metals 
to transmit heat while loaded with severe hoop tensions and 
compressions. A return tubular boiler 78 inches in diam- 
eter, using a quadruple riveted butt joint, requires a steel 
shell nine-sixteenths of an inch thick in order to preserve a 
reasonable factor of safety. This has been found to be about 
the maximum thickness for safe use in externally fired boilers. 
The rating of such a boiler by A.S.M.E. standards and under 
ordinary conditions is 200 horse-power and is therefore the 
largest practical unit for this type. With forced draft or a 
very high stack this figure would be considerably exceeded. 

Locomotive boilers in railroad practice are not rated in the 
usual manner for boiler horse-power, since the conditions of 
their operation vary so widely from the normal. The indicated 
horse-power of large locomotives when measured at the engine 
cylinders has approximated 2000 for short intervals and under 
the severest conditions of forced working. It is probable, how- 
ever, that the draft induced by the exhaust nozzle and the 
economy gained by the superheater provided for a very large 
percentage of overload so that the actual horse-power of the 
boiler would be reduced to about one-half of the above amount. 
Special stationary locomotive type boilers have been designed 
for 1000 horse-power but the forcing necessary to secure this 
figure does not conduce either to long life or a small repair bill. 
For economical working a limit of 150 horse-power may be set 
for semi-portable locomotive type boilers and about twice this 
figure for stationary ones. 

Remarks of fnuch the same tenor may be made in relation to 
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Scotch boilers. For land use the dry back Scotch boiler with 
two furnace tubes is limited to about 300 horse-power. In 
marine use with four furnace tubes and forced draft five times 
this figure is often reached. 

Since in vertical boilers there are no thick plates directly ex- 
posed to the fire, the limit of horse-power is dependent upon 
the possibility of staying the furnace sheets and the durability 
of the superheating surface at the upper end of the tubes. Un- 
fortunately the lower tube sheet in boilers of this type is located 
directly in the path of the falling sediment from the surface of 
the tubes above and is at the same time exposed to the maxi- 
mum heat of the fire from below. Provision must therefore be 
made for the easy cleaning of such tube sheets if the life of the 
boiler is to be prolonged. The rating of vertical boilers is gener- 
ally limited to units of 400 horse-power. 

The water-tube or safety boiler excels all other types in the 
amount of horse-power developed per unit of its own weight. 
For stationary use it is also capable of greater concentration of 
power than other types. Units aggregating 500 horse-power are 
frequently used in practice and in some instances the size has 
been increased to 700 horse-power. 

In selecting the size of units for a given plant it must be borne 
in mind that, while the eflSciency of the boiler and the economy of 
its attendance and operation are generally higher the larger the 
unit, at the same time the inconvenience due to laying off for 
cleaning and repair is greatly increased. The unit chosen there- 
fore should generally be so small a factor of the total capacity of 
the plant as to permit a good degree of flexibility. 

6. Range of Pressure. — The pressure in most of the steam- 
generating apparatus used for heating buildings is not sup- 
posed to exceed 15 pounds per square inch. Such appliances 
if protected from over-pressure by devices of approved accu- 
racy are exempt from the usual boiler rules and regulations. 
It is only when there is liability to severe overloading by acci- 
dent or carelessness that such pressure vessels explode and cause 
serious damage. 

With pressures ranging from 15 to 100 founds per square inch 
there is a vast amount of low-pressure steam machinery in use 
in which the generation of power and the utilization of steam for 
industrial purposes are of paramount importance. Such pres- 
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sures may be regarded as the conservative practice of some 
years ago. 

For the ordinary generation of power in moderately large 
units, pressures ranging from 100 to 175 pounds per square inch 
are of common occurrence. The leakage of joints and gaskets 
at such pressures is not a very serious matter and can be pre- 
vented by the use of ** extra heavy " pipe fittings. 

Where the highest degree of economy is sought in large 
units operating under ideal conditions, steam pressures have of 
late been increased to the region of 250 pounds per square inch. 
Especially is this true in the case of modern locomotive and steam 
turbine practice. Most locomotives at present are designed for 
225 pounds pressure. Such pressures are more or less trouble- 
some to handle, requiring the greatest of care in making up and 
maintaining joints against leakage. Special boilers of peculiar 
design have been built for pressures considerably in excess of 
those just mentioned, but they belong to the realm of physical 
apparatus rather than to that of power generators. 

While the limit of pressure adopted is primarily a question of 
securing economy in the prime mover to be used, the type of 
steam generator has much to do with the question as well. An 
externally-fired boiler of reasonable size for pressures in excess 
of 175 pounds per square inch requires a shell thickness too great 
for durability. Hence horizontal return tubular boilers are rarely 
designed for pressures exceeding 150 pounds per square inch. 
The allowable pressures in vertical and Scotch boilers, where the 
external shell is unlimited in thickness, are governed by the ability 
of the internal furnace walls to resist collapse. Two hundred 
pounds per square inch is approximately the limit in such cases. 

For the extreme pressures mentioned above, -it is necessary 
to pass in practice to the water-tube boiler. Here the total vol- 
ume of water is very much less and is confined in smaller chan- 
nels. The thickness of metal therefore, even for 250 pounds 
per square inch, need not be excessive. 

7. Superheating Appliances. — In generators of high-pressure 
steam there is generally included the, necessary apparatus for 
superheating. Aside from the low degrees of superheat naturally 
obtained where the fire tubes of vertical boilers pass through 
the steam space, there are two classes of appliances used for 
the purpose. First, the superheating member may be housed 
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directly in the boiler setting, using the heat from the ordinary 
fire. The alternative arrangement consists of placing the 
superheater over an independent furnace with grate and uptake 
entirely separate. 

The form of the superheating vessel itself may consist of 
U-shaped tubes expanded at their free ends into steel headers 
and so arranged that a current of steam drawn through them 
will be far enough removed from contact with its liquid to 
become more or less superheated. Various other forms and 
devices, such as straight tubes placed one within the other and 
connected to separate chambers at their ends, have been used 
for the purpose of superheating steam. 

Attached superheaters may be suspended in the natural path 
of the hot gases on their way to the uptake. Or again, a portion 
of the products of combustion may be by-passed directly from 
the main furnace to a separate chamber in which the apparq^tus 
is installed. In the former case the superheater is exposed to 
the full heat of the fire while the water in the boiler is approach- 
ing the point of evaporation. Unless a positive current of 
steam is maintained through such appliances they suffer im- 
mediate injury by overheating. Hence superheaters of this 
kind must be placed below the water line of the boiler and pro- 
vision be made for filling or *' flooding " them with water while 
raising steam. This expedient should be fully anticipated in 
the design of the apparatus. Means must be provided for the 
free circulation of water and the delivery of steam to the main 
boiler. At the same time the sediment precipitated in the 
superheater by the boiling of the water should be within easy 
reach of handholes and cleaning appliances. After reaching 
full steam pressure the flooding water in the superheater is dis- 
charged and a current «f steam immediately established in its 
place. In shutting down boilers having this arrangement the same 
expedient is adopted to preserve the superheater from injury. 

When the superheating chambers are connected by damper 
by-pass with the main furnace, the apparatus may be placed 
above the water line and designed to convey steam only. In 
raising steam this chamber is temporarily cut out of the path 
of the hot gases. At full steam pressure the saturated steam 
may be drawn through the superheater and the by-pass dampers 
opened. 
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Separately-fired superheaters should be arranged so that the 
full heat of the fire is broken and diffused by a reverberatory 
arch. The mass of brickwork thus provided stores an immense 
amount of heat, improves the combustion of the gases, steadies 
the operation of firing and prolongs the life of the superheating 
tubes. To increase the metal surface in contact with the 
products of combustion, cast-iron rings with projecting fins are 
strung on the outside of the steam conduits in certain forms of 
superheaters. 

In designing such apparatus it must continually be kept in 
mind that the absorption of heat by a vapor is never so prompt 
as by a liquid. Overheated and burned metal is often the result 
therefore unless reliable means are provided for maintaining a 
rapid flow of steam through such appliances. All the members 
of superheaters are exposed to widely varying temperatures and 
full provision must be made in their design for the stresses caused 
by expansion and contraction. 

8. Fuel, Grates and Settings. — The fuel, for the use of which 
the boiler is intended, has a considerable effect upon its design. 
All fuels require a large amount of excess space for the thorough 
mingling of the gases during combustion. Especially is this 
true of bituminous and other long-flaming coals. A short- 
circuit from grate to uptake tends toward large losses of heat 
up the chimney. Horizontal and water-tube boilers utilize the 
space behind the bridge wall for the purpose of combustion. 
Scotch boilers are usually accompanied by roomy combustion 
chambers either internal or external to the shell. Locomotive 
and vertical boilers are more or less lacking in this respect, but 
the high fire boxes usually found in such boilers compensate to 
a certain degree for the lack of adequate combustion space. 

It is generally good practice, where manufacturing refuse is to 
be burned, to place the grate in a separate chamber outside the 
limits of the boiler setting. Such an arrangement, usually called 
a Dutch oven, provides sufficient brickwork to serve as a reser- 
voir of heat in firing fresh or damp fuel and at the same time 
lengthens the gas passages so that a more perfect heat absorp- 
tion takes place. 

The criticism is often made that the furnace walls of internally- 
fired boilers never reach a temperature much in excess of that 
due to the accompanying steam pressure. Such comparatively 
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cold walls do not, it is true, minister to efficient combustion but 
the absence of other heat losses more than counterbalances this 
disadvantage. 

The spaces between the grate bars must vary with the size of 
fuel and the depth of fire to be carried. The air inlets through 
the grates are usually designed to comprise not less than forty 
per cent of the total area. 

Ideal combustion consists of complete oxidation of all the 
elements contained in the coal. Sufficient air for this purpose 
should be introduced through the grate. It is never possible 
to admit the air theoretically necessary for the chemical action 
alone, since the access of the draft to all portions of the fire is 
not perfect. The partial oxidation of the coal constituefnts re- 
sults in a serious loss of efficiency in the boiler performance. It 
has been found by chemical analyses of flue gases, as well as by 
general tests upon boiler plants, that from fifty to one hundred 
per cent of air for dilution must be provided in excess of the 
calculated amount necessary. 

A large over-supply of air on the other hand robs the combus- 
tion of heat units and lowers the furnace temperature. For this 
reason leaky boiler settings conduce to poor economy and general 
inefficiency. The marked saving in fuel effected by internally- 
fired boilers, especially those of the vertical, Scotch and loco- 
motive type, may be attributed in large measure to the fact that 
there is no possibility of air leakage through the setting. All 
the air admitted to the fire must pass through the grate with the 
exception of a small portion purposely introduced through the 
grid in the fire door or through perforations in the bridge 
wall. The settings for all types of externally-fired boilers, 
especially those of the water-tube class, are complex and present 
many opportunities for leakage through cracks and crannies as 
well as around door frames and cleaning holes. To obviate this 
difficulty most boiler manufacturers provide riveted sheet steel 
settings with an internal Uning of brickwork. Such settings 
are very effective in saving fuel but are not widely used on ac- 
count of their cost and rapid deterioration if the brick lining is 
not kept in good repair. 

To prevent heat losses the walls of ordinary boiler settings 
should be at least four brick thick. Located at the center of 
the wall there should be an insulating air space at least two 
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inches in width. Very often this air space is carelessly left un- 
sealed and therefore, instead of serving as a means of insulation, 
becomes a duct for air leakage in communication with lining 
cracks. 

The brickwork in the setting should never be laid rigidly 
against the surface of the boiler. If such is the case expansion 
and contraction will soon open cracks. Where a fire cut-off is 
to be maintained the brickwork should be kept back from one- 
half inch to one inch and the crack calked with asbestos rope. 
Expansion rollers must be provided under at least one set of 
supports to accommodate motion in a lengthwise direction. 

When cast-iron or steel columns pass through the brick- 
work of boilers set singly or in battery, care should be taken 
that a space is left around such structural members for venti- 
lation. This provides at the same time for renewal or removal 
of the column without disturbance to the setting and prevents 
injury to the column through overheating. The space thus 
provided should be connected by a duct not less than ten inches 
square with the external air to insure circulation. 

Grate bars must never be tightly fitted between portions 
of the setting since their expansion will rack the brickwork. 
Either a free space should be provided at the end of the grate 
or the grate bearer should support the bars on an inclined 
surface up which they may slip without injury to the surround- 
ing fixtures. 

A flat bridge wall at the end of the grate keeps the fuel in 
place and serves as a support for the inner end of the grate. 
With the intense combustion necessary under forced draft, the 
bridge wall should be designed to contain a water cooled core 
through which is drawn the feed water. The temperature of 
the bridge wall is very much higher than that of the rest of the 
furnace walls. To prevent its expansion from heaving the ad- 
jacent lining, the bridge wall is often fitted at its ends into re- 
cesses in the side walls. The depth of these recesses is sufficient 
to accommodate the maximum expansion. The lower portion 
of the bridge wall is sometimes utilized for the introduction and 
distribution of air for dilution. Perforated bridge walls in 
Scotch boilers assist to a marked degree the narrow and low 
combustion space in the furnace tubes. 

The opening behind bridge walls should not be filled in or 
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leveled off but left an open chamber in which the gases may 
mix and eddy as their combustion proceeds. Feed and blow- 
off pipes passing through the gas passages should always be en- 
cased in sleeves of heavy cast iron pipe to prevent wasting upon 
their surfaces. 

If the plant is dependent upon ordinary natural draft it is 
necessary that the gases be released at the uptake with a tem- 
perature of approximately 500° F. in order to maintain com- 
bustion. While this appears to be a large loss it is in a 
sense a necessary one. When special induced or forced draft 
apparatus is supplied, feed-water heaters oi" " economizers *' may 
be used and the temperature of the chimney gases materially 
lowered. Such appliances, however, consume very considerable 
amounts of power in their operation, which should be charged 
to the plant when computing their economy. 

In horizontal multitubular boilers the gases pass along the 
under side of the shell to the rear and return to the front by 
way of the tubes. The expedient has been tried of providing 
a third " pass " for the gases along the top of the boiler shell. 
This complicates the setting and brings heat to a portion of the 
shell likely to contain the riveted joints. It is not, therefore, a 
wise precedent to follow. At the rear of the boiler an arch of 
brickwork should protect the upper portion of the tube sheet, as 
well as the staying appurtenances, from the onrush of the flames. 

Locomotive and Scotch boilers generally insure the mixing of 
gases in combustion by baffle walls or arches at the rear of the 
grate. A hanging baffle arch in furnace tubes is very effective in 
breaking up the current of gases and promoting thorough com- 
bustion. In locomotive fire boxes a baffle bridge wall performs 
the same function and protects the tube ends from overheating 
as well. 

Vertical boilers are open to the criticism that the short 
direct transit of the flames from grate to uptake is conducive 
to excessive chimney temperatures. For this reason much 
smaller tubes may be used in such boilers and the velocity and 
temperature of the gases correspondingly reduced. At the 
same time a tall stack permits the use of an economizer for 
transmitting a large part of the chimney temperature to the 
feed water. When so arranged vertical boilers maintain high 
rates of economy while occupying a minimum of floor space. 
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Water-tube boilers are dependent for their heat-absorbing 
power upon many passes of the hot gases back and forth among 
the water tubes. In order to direct the transit of the flames in 
definite channels special forms of ba£9e tiling are inserted and 
clamped in place among the tubes. Experiments at the Uni- 
versity of Illinois, Bulletin No. 34, show that a furnace roof, 
where the water tubes are completely encircled by the tiling, is 
but a few per cent less eflicient than one in which the lower half 
of the tubes is directly exposed to the flames. In any event the 
form of tiUng used should be such as to permit easy renewal 
without disturbing adjacent portions. The clamps which hold 
the blocks in place should be of the simplest and most inex- 
pensive construction since iron subjected to such high tem- 
peratures wastes away very rapidly. 

There are two general methods of directing the flow of gases 
back and forth among the tubes. In the first, the tiling is in- 
serted in horizontal layers and the gases make three or more 
circuits in a direction parallel with the tubes. The second 
method employs tile partitions combined with a hanging bridge 
wall, and secures three or more passes in a direction perpendicu- 
lar to the tubes. It is interesting to note in this connection that 
two tests performed under practically duplicate conditions by 
Mr. George H. Barrus, and reported in the Engineering Record 
of Feb. 19, 1898, indicate a boiler efficiency in the case of the 
horizontal tiling some six per cent in excess of that shown by the 
vertical tiling. 

Whatever the form of boiler, the surfaces exposed to the*fire 
must be readily accessible for cleaning. It is. doubtful if engi- 
neers in general appreciate the resistance which moderately thick 
layers of soot offer to the absorption of heat. Soot itself is a 
first rate heat insulator, ranking some five times as efficient in 
this regard as fine asbestos. Circular No. 27, 1890, of the 
Boston Manufacturers' Mutual Fire Insurance Company gives 
some interesting data in this connection. A moderate layer of 
soot over the heating surfaces of a boiler or superheater cancels 
in large measure any gain made by skilful firing or excellence in 
the design of the engine. Mr. Jaques Abady, of Alex. Wright & 
Co., London, in a lecture before the Nottingham Guild of Me- 
chanical and Electrical Engineers, rates the conductivity of steel 
plates covered with a deposit of soot one-sixteenth inch thick 
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as but seventy-five per cent of that of a clean tube. In three 
tests made by Mr. J. J. Coughlin, Engineer of the Champion 
C!oated Paper Co., Hamilton, Ohio, and reported in Power for 
July 11, 1911, the gain from the use of a soot cleaner is shown to 
range from 3 to 10.6 per cent under varying conditions. 

So great is the loss in this regard that permanent soot blowers 
are at present attached to most boilers and superheaters. The 
frequent use of such apparatus is necessary in order to maintain 
the maximum efficiency of steam generators. Holes through the 
brickwork, hollow stay bolts and piping inside the setting provide 
the necessary means for introducing steam or air jets. Soot 
and ash doors are inserted where needed for removing the residue 
in the space behind the bridge wall. With certain coals the soot 
deposited in fire tubes forms a tough scale which resists the action 
of the steam jet. A cleaning implement consisting of a scraper 
and brush combined must then be forced through the tubes by 
hand. 

9. Type of Boiler. — A great variety of reasons suggest the 
adoption of one type of boiler in preference to another. It is 
not possible to make an absolute comparison of the relative 
advantages of boilers in general nor is it wise to consider the 
cost of a boiler, either bare or installed for duty, a final criterion 
of its superiority. Too many factors enter into the generation 
of steam to permit so easy an answer to a perplexing question. 
The present and future conditions of the plant should be as 
fully considered as possible in seeking a type of boiler for the 
most successful operation. 

The first cost of the horizontal return tubular boiler, exclusive 
of its setting, is probably the lowest of that of any type. It can 
be rapidly built and promptly shipped to its destination. Since 
it contains no separate parts with the exception of the grates 
and front, it can be transported to its final resting place largely 
as a unit. Skilled labor, other than that of an ordinary mason 
and pipe fitter, is not required in its erection or installation. 
Its setting is neither complicated nor especially liable to de- 
terioration. Relative to its horse-power it occupies a consider- 
able amount of floor space. It has no mud drum, hence the 
deposits within fall upon the fire sheet, and consequently forbid 
the use of very bad feed water. The circulation is good and 
there is ample water surface for the disengagement of dry steam. 
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It contains a relatively large volume of water which proves 
likewise a powerful source of energy for sudden calls as well as 
a tremendous reservoir of destruction in case of accident. It 
requires but Uttle skill and attention in firing and when fairly 
handled will endure from twenty to twenty-five years of service 
with but few repairs. When the latter are necessary, they can 
frequently be made by ordinary mechanics. It is not as adapt- 
able as the water-tube type for carrying excessive overloads nor 
has it flexibility enough to commend it for widely varying con- 
ditions. The evaporative efficiency is fairly high but this type 
is generally chosen from other considerations than those of 
strict economy. 

Many of the above statements may be made as well of the 
Scotch boiler. As a self-contained unit it is easily handled and 
installed. While its first cost is much more than that of a 
horizontal return tubular boiler, its setting, consisting merely of 
two cradles and a covering of magnesia blocks, is correspond- 
ingly inexpensive. The circulation is poor and unless special 
ducts are provided for the purpose, the volume of water below the 
furnace tube has but little steam-generating capacity. The fire 
hazard from its internal furnace is small and its shell, removed 
from intense heat and open to inspection and repair, is rarely 
known to fail. The furnace tubes are the chief source of diffi- 
culty, not providing sufficient grate room and frequently suffer- 
ing collapse. Firing of the long narrow grate is difficult and 
refuse coal can rarely be used. Repairs to this type of boiler 
are expensive and fairly frequent especially if an internal com- 
bustion chamber is used. The economy of such boilers is very 
high. 

Vertical boilers as a class have not enough length of circuit 
from grate to flue. When used in connection with an econo- 
mizer their efficiency is improved. While easily installed and 
very economical of room they can rarely be used with poor 
feed water. The lower tube sheet is a very sensitive member 
and, even if accessible from adjacent handholes, its cleaning 
necessitates frequent withdrawals from service. When the 
outer shell forms a vertical cylinder of uniform diameter through- 
out, there is room enough outside of the space occupied by the 
tubes for entrance and inspection. With the shell reduced in 
diameter at the top of the furnace, the degree of superheating 
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is increased but at the expense of the room for internal inspec- 
tion. Even though the furnace has sloping sides the circulation 
in the water leg is poor and the overheating of the neighboring 
furnace sheet is of frequent occurrence. The wasting of the 
tubes in the superheating space also makes frequent renewals 
necessary. As a generator of mildly superheated steam in very 
close quarters it finds its chief usefulness. 

Locomotive boilers of the stationary type are expensive to 
construct and open to the criticism of inadequate grate area. 
Unless the rate of combustion is increased either by an exhaust 
nozzle placed in the stack or by ordinary forced draft, it is diffi- 
cult to obtain the rated horse-power. The tube ends near the fire 
suffer from overheating even with baffied walls in use. The re- 
newal of tubes, sheets and stays is attended with considerable 
expense. Except in cases where their portability on skids makes 
them valuable, boilers of this type are not widely used. As gen- 
erators of motive power for railroads, the above disadvantages 
are far outweighed by the possibilities of power concentration 
and forcing which locomotive boilers possess. When tubed with 
flues of small diameter and equipped with superheaters they are 
fairly economical. 

Water-tube boilers, of which there are many types, constitute 
a class by themselves. They may be considered as steam gen- 
erators of high cost, great flexibility and strict economy. Since 
it is rarely possible to ship them already assembled, their erec- 
tion is a matter of considerable time and expense. They necessi- 
tate careful attention and skilful firing. Containing but Uttle 
water, they suffer rapid fluctuations of pressure with careless 
handling. With waterways and drums of limited capacity, the 
rupture of one member is rarely attended by the total destruc- 
tion of the boiler. They have but little thermal resource in 
meeting very sudden demands. However, they respond much 
more rapidly than do the other types to conditions requiring 
forced working. They can be warmed up and brought into 
service without injury to their structure in about one-fifth the 
time required by Scotch boilers. The many joints and cover 
plates in water-tube boilers require great care in their adjust- 
ment and maintenance. Repairs constitute a task demanding 
special skill. The water circulation is definite and rapid. With 
the sediment drums usually provided, water of poor quality can 
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be used. As was noted in a previous paragraph boilers of this 
type permit great power concentration and are capable of carry- 
ing severe overloads. Their settings are complicated and unless 
kept in good repair are liable to permit large losses of economy 
by air leakage. 

10. Circulation. — The necessity for circulation in steam- 
generating vessels is evident from three standpoints. Water 
absorbs heat very slowly by conduction. Porcupine boilers 
with numerous '* dead ends " are notoriously inefficient. Con- 
vection or current is necessary in the liquid to insure a rapid 
degree of heat absorption. A very interesting series of experi- 
ments was made at the University of Illinois, in 1910, by Messrs. 
Clement and Garland upon the variation of heat absorption in 
relation to the velocity of flow of water through steel tubes. 
The results of these tests are published in Bulletin No. 40 of 
the Ei^ineering Experiment Station. They show that in gen- 
eral the B.T.U. per minute absorbed by the circulating water 
per square foot of tube surface is approximately doubled when 
the circulation increases to eight times its original velocity. 
While these tests were not performed under conditions entirely 
similar to those of a water-tube boiler, they nevertheless indi- 
cate the value of free circulation in assisting the absorption of 
heat. 

The second necessity for circulation is related to the disen- 
gagement of steam. As soon as formed the steam bubbles 
should be swept from the hot surface and permitted to disen- 
gage themselves from the liquid into the steam space without 
disruptive ebullition. When steam bubbles " pocket " or ad- 
here to the hot plates where they are formed, the heat of the 
fire is not promptly transmitted, and overheating and burning 
of the metal wall results. Tliis condition is especially liable to 
be found in connection with vertical tubes and furnace sheets. 
Disruptive discharge of steam produces priming and necessitates 
the use of separators in pipe lines. 

The third reason for securing good circulation depends upon 
the purity of the water. Sediment to be harmless must be kept 
in motion. If allowed to settle and cake upon the hot sheets, 
it forms a scale destructive alike to the efficiency of the boiler 
and the durability of its structure. From the above three 
standpoints it is evident that definite paths of circulation must 
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be provided and the direction and rapidity of the waterflow 
insured. 

In designing a tube sheet for definite water circulation ad- 
vantage must be taken of the fact that the hotter the locality, 
the more numerous will be the steam bubbles and the greater the 
tendency for them to rise. Hence over the hottest part of 
the fire there should be vertical channels or avenues to which 
ascending currents will naturally be attracted. To supply the 
water for displacing the steam bubbles, provision must be made 
for descending currents in a cooler part of the boiler. These 
principles are carried out to a greater or less degree in all well- 
designed boilers. When horizontal fire tubes are arranged inside 
of cylindrical shells there is often provided a central circulation 
space to attract a concourse of the steam bubbles. Especially 
is this necessary over furnace tubes where ebullition is rapid. 
Strong descending currents in contact with the cooler shell supply 
the water necessary to continue the circulation. If the channel 
through which the circulation takes place is too narrow the prog- 
ress of the water is arrested and the disengagement of steam is 
accomplished with violence. On the other hand if the circulation 
spaces are too wide, local ascending and descending currents are 
set up which interfere with one another. A width of from three 
to four inches has been found by experience to constitute a rea- 
sonable space where the water velocity is not rapid. Over fur- 
nace tubes, spaces from six to eight inches in width are required. 
The horizontal spaces between the surfaces of ordinary boiler 
tubes are generally made from one to one and one-quarter inches 
in width. 

When any portion of the water in a boiler fails to participate 
in the general circulation, not only does that part cease to serve 
as efficient steam-generating space, but its presence, moreover, 
induces local stresses in the structure of the boiler very great in 
amount. Such is frequently the case with the space below the 
furnace tubes in Scotch boilers. The water in this locality is in 
contact with the ash-pan sheets above and with the cool outer 
shell below. It is, therefore, more or less isolated in its position. 
The stresses set up in the furnace tubes are very severe, due to 
the fact that the upper half is in contact with the hottest part 
of the fire and the lower half with a body of comparatively cool 
water. 
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The property which certain waters possess of precipitating 
sediment at temperatures below boiling may be turned to good 
account in arranging the circulation. Mud drums may be so 
located as to entrap the deposit, its weight and centrifugal force 
tending to separate it from the current of water. In water* 
tube boilers for instance the incoming feed is used to assist the 
circulation in a downward direction through the rear headers. 
A mud drum is situated at the lowest angle of the tubes where 
the motion of the water suddenly changes its direction. This 
is the logical location for such sediment catchers. A large per- 
centage of the feed-water impurities are thus thrown out of the 
circulation. 



One of the best examples of the use of special apparatus in con- 
straining the circulation to follow definite paths is found in certain 
types of Scotch boilers. The accompanying half tone illustrates 
a form of boiler manufactured by the International Engineering 
Works, South Framingham, Mass. A horizontal drum of compara- 
tively small diameter is joined to the top of the main boiler by 
flanged openings at the front and rear. The lower shell contains 
two corrugated furnace tubes, numerous smoke tubes and a com- 
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modious combustion chamber. The normal water level is main- 
tained a little below the center of the upper drum. In this 
manner abundant steam and water volumes are secured. To in- 
sure circulation underneath the furnace tubes an annular conduit 
is riveted to the inside of the lower shell near its front end. All 
the descending currents from the upper drum pass through this 
conduit and are liberated at the very lowest point in the boiler 
between the furnace tubes. In this manner all the water return- 
ing from the upper drum is constrained to pass through the space 
below the furnace tubes. A detailed description of this appara- 
tus is published in Bulletin No. 7, issued by the above concern. 

A test made upon one of these boilers at the Sewerage Pump- 
ing Plant, South Framingham, Mass., affords some interesting data 
in regard to temperatures. Four thermometers, installed in as 
widely separat^^d portions of the shell as possible, were used to in- 
dicate the effectiveness of the circulating appliance. The specific 
location of the thermometers was as follows: No. 1 just behind 
the rear connecting flange; No. 2 just behind the front connect- 
ing flange; No. 3 in the front head below the furnace tubes; 
and No. 4 in the rear head below the combustion chamber. 
Observations were taken every five minutes for a period of several 
hours and the results plotted. Starting with a cool boiler the 
water above the furnaces and tubes quickly reached the boiling 
point. As soon as steam began to be liberated the circulation 
commenced and the temperature beneath the furnace tubes as- 
sumed a figure but eight or ten degrees Fahrenheit below that of 
the hottest portion of the boiler. From this time on all four ther- 
mometers were within a very few degrees of one another. It was 
thus demonstrated that the conduits were effective guides to the 
circulating currents and caused the water in the boiler to be heated 
as a whole. Simpler forms of circulation apparatus such as de- 
flecting and baffle plates have been employed with good effect in 
many types of steam generators. 

While the effect of scale and incrustation upon the efficiency of 
a boiler is a matter of some dispute, there is no question of its 
effect upon the strength of the tubes and plate. Professor E. B. 
Schmidt, in Bulletin No. 7 of the University of Illinois, Engineer- 
ing Experiment Station, concludes from a series of tests made by 
him upon the heat transference through boiler tubes coated with 
incrustation ranging up to one-eighth inch in thickness, that 
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the loss in efficiency varies widely, reaching as a maximum ten 
or twelve per cent. The temperature of a boiler furnace often 
approaches 2500** F. The safety of the metal in contact with 
the fire depends upon a transmission of heat so prompt as to 
keep the plates at a temperature but little in excess of that of 
the water in the boiler. With deposits of the thickness men- 
tioned above, it is impossible for the circulation to reach the 
metal and thereby keep it cool. A variety of ills arise from this 
source, consisting of burnt and wasted plates, sagging sheets 
and leaky joints. The most available preventative for scale 
formation, aside from pure feed water, is rapid circulation, 
combined with a prompt blowing out of the sediment as soon as 
it settles. For this reason as well, therefore, the designer must 
exercise great care in securing good circulation within the 
boiler. 

11. Materials used in Boiler Design. — Nothing is more im- 
portant in the design of a successful steam generator than the 
skilful selection of the materials to be used. Low-pressure ap- 
paratus for steam and hot-water heating is for the most part 
made of cast iron, the different units or sections being connected 
by tapering thimbles nicely fitted and forced to place. 

The temperature of steam at 250 pounds per square inch 
gage pressure is about 400** F. Adding to this a possible 
superheat of 200° F., the temperature of high-pressure super- 
heated steam would reach the region of 600** F. The effect of 
such high temperatures upon the materials used in boiler con- 
struction has been the subject of much controversy and ex- 
periment. The strength of wrought iron and soft steel is not 
seriously affected by temperatures below 900° F., although there 
is a marked diminution in the per cent contraction of area at 
rupture. Cast iron, while not influenced to any great degree 
by the temperatures mentioned above, is not a suitable metal 
for boiler parts. Its low tensile strength, exceeding brittle- 
ness and granular action under the operation of calking have 
caused the American Boiler Manufacturers' Association and 
others to exclude it long since from use wherever tensile stresses 
exist. For special parts such as pipe flanges and the headers 
of water-tube boilers it is still us^jd, when not in contact 
with superheated steam, for pressures below 160 pounds per 
square inch. On account of its hability to corrosion, most 
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boiler rules prohibit the use of cast iron for the discs or seats of 
valves. 

The high pressures and temperatures used in power generation 
call for a material the chief property of which shall be ductility. 
While strength is a desirable attribute in the structure of any 
boiler, the varying conditions of contraction and expansion, 
of shock and overpressure, and of corrosion and overheating 
demand a material the toughness of which will endure rough 
usage and give abundant warning before rupture. The high 
cost of puddled wrought iron together with its comparatively 
low tensile strength, have served to eliminate it largely from use 
in boiler shells. At the same time the modem advance in steel 
making, especially as regards toughness and homogeneity, has 
led to the wide adoption of this metal as the material best fitted 
for use in pressure vessels. With the accuracy now obtainable 
in determining and placing the carbon content of soft steel, the 
latter material may be forged and welded with all the reliability 
possessed by the best wrought iron. With the recent improve- 
ments in pressing and extruding metals, it may be fairly stated, 
that at present every part and portion of a steam boiler may be 
shaped from soft steel without adding inordinately to the ex- 
pense. When the cost must be kept low, the modem methods 
of the steel foundry and annealing oven render the steel casting 
almost as homogeneous and ductile as the forging. Most 
boilers, therefore, for severe service and high pressure, are made 
throughout of soft steel. The larger and more important parts 
are pressed to shape, either hot or cold, while the less important 
ones are made of well annealed steel castings. 

A copy of the requirements of the American Society for Testing 
Materials in relation to the steels used in the manufacture of 
boilers is appended at the end of this article. 

At one time copper was widely used for the furnace sheets of 
locomotive and vertical boilers on account of its ductility and 
immunity from corrosion. In the form of rolled plates, the 
tensile strength of copper is 30,000 pounds per square inch, its 
elastic limit one-half this figure, and the ultimate extension from 
40 to 50 per cent. Steel has largely supplanted copper for this 
purpose, however, because of its relative cheapness and ability 
to resist high temperatures. Beyond 500° F. the tensile strength 
of copper rapidly diminishes. The thickness of copper plates 
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required to hold modern high pressures would, therefore, be 
prohibitive. Thin copper ferrules are widely used to make the 
joint between the tubes and tube sheets of locomotive boilers. 
The non-corrosive property of the copper permits a little flexi- 
bility of the joint while preventing leakage. 

For general purposes in boiler-feed piping and accessories 
various brass alloys are employed. Where the feed pipe enters 
the boiler a brass bushing should be used to withstand, as far as 
possible, the vibration of the feed pump as well as to prevent 
corrosion. United States Navy composition, consisting of copper 
88 per cent, tin 10 per cent, and zinc 2 per cent, makes a good 
but expensive alloy for this purpose. Its tensile strength is 
about 32,000 pounds per square inch and its ultimate elongation 
25 per cent. To resist the corrosive action of sea water in 
marine condensers and fittings, many alloys have been used. 
Tobin bronze in the form of plates and rivets may be readily 
forged at a red heat. Its component parts are copper 60 per 
cent, zinc 38 per cent, tin 1.5 per cent, iron 0.17 per cent, lead 
0.33 per cent. The tensile strength of Tobin bronze in the form 
of hot rolled rods is about 80,000 pounds per square inch and 
the elastic limit 60,000 pounds per square inch. In the form of 
plates the tensile strength is taken as 50,000 pounds per square 
inch and the elastic limit 30,000 pounds per square inch. 

For the cores of fusible plugs the United States Government 
Specifications call for the use of pure Banca Tin, the fusing 
point of which is about 445° F. This temperature is well in 
advance of that of saturated steam at the highest practical 
pressure. The use of lead for gaskets in the region of the fire is 
not to be recommended since its low fusing point, 625° F., renders 
it unsafe, for such a purpose. 

STANDARD SPECIFICATIONS FOR BOILER AND FIREBOX STEEL. 

AdopUd August 25, 1913. 
Revised September 10, 1914. 

1. These specifications cover two grades of steel for boilers, namely: 

flange and firebox. 

I. Manufacture. 

2. The steel shall be made by the open-hearth process. 

II. Chemical Properties and Tests. 

3. The steel shall conform to the following requirements as to chemical 
composition: 
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Carbon, per cent 

Manganese, per cent 

x>i.^-«i.^^.,o 5 Acid, per cent. 
Phosphorus I 3^j^^^^ ^^^^ 

Sulphur, per cent 

Copper, per cent 



Flange. 



0.30-0.60 
not over 0.05 
0.04 
0.05 



II 



t( 



n 



t( 



Firebox. 



0.12-0.25 

0.30-0.50 

not over 0.04 

0.035 

0.04 

0.05 



<< 



iC 



(t 



<i 



tl 



t( 



4. An analysis shall be made by the manufacturer from a test ingot taken 
during the pouring of each melt, a copy of which shall be given to the pur- 
chaser or his representative. This analysis shall conform to the require- 
ments specified in Section 3. 

5. Analyses may be made by the purchasers from a broken tension test 
specimen representing each plate as rolled, which shall conform to the require- 
ments specified in Section 3. 

IIL Physical Properties and Tests. 

6. (a) The material shall conform to the following requirements as to ten- 
sile properties: 



Tensile strength, lbs. per sq. in. . . 
Yield point, min. lbs. per sq. in. . . 

Elongation in 8 in., min. per cent 
(See Section 7) 



Flange. 



55,000-^5,000 

0.5 tens. str. 

1,500,000 

Tens. str. 



Firebox. 



52,000-62,000 

0.5 tens. str. 

1,500,000 

Tens. str. 



(&) The yield point shall be determined by the drop of the beam of the 
testing machine. 

7. (a) For material over J in. in thickness, a deduction of 0.5 from the 
percentages of elongation specified in Section 6 (a) shall be made for each 
increase of i in. in thickness above | in. 

(&) For material i in. or under in thickness, the elongation shall be 
measured on a gage length of 24 times the thickness of the specimen. 

8. (a) Cold-bend Tests. — The test specimen shall bend cold through 
180 degrees without cracking on the outside of the bent portion,. as follows: 
For material 1 in. or under in thickness, flat on itself; and for material over 
1 in. in thickness, around a pin the diameter of which is equal to the thickness 
of the specimen. 

(6) Quench-bend Tests. — The test specimen, when heated to a light 
cherry red as seen in the dark (not less than 1200° F.) and quenched at once 
in water, the temperature of which is between 80** and 90° F., shall bend 
through 180 degrees without cracking on the outside of the bent portion, as 
follows: For material 1 in. or under in thickness, flat on itself; and for mar 
terial over 1 in. in thickness, around a pin the diameter of which is equal to 
the thickness of the specimen. 

9. For firebox steel, a sample taken from a broken tension test specimen 
shall not show any single seam or cavity more than J in. long, in either of the 
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three fractures obtained in the test for homogeneity, which shall be made as 
follows: 

The specimen shall be either nicked with a chisel or grooved on a machine, 
transversely, about ^ in. deep, in three places about 2 ins. apart. The first 
groove shall be made 2 ins. from the square end; each succeeding groove shall 
be made on the opposite side from the preceding one. The specimen shall 
then be firmly held in a vise, with the first groove about { in. above the jaws, 
and the projecting end broken off by light blows of a hammer, the bending 
being away from the groove. The specimen shall be broken at the other 
two grooves in the same manner. The object of this test is to open and 
render visible to the eye any seams due to failure to weld up or to interposed 
foreign matter, or any cavities due to gas bubbles in the ingot. One side of 
each fracture shall be examined and the lengths of the seams and cavities 
determined, a pocket lens being used if necessary. 
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ABOUT 16 

Fig. 1. 

10. Tension and bend test specimens shall be taken from the finished 
rolled material. They shall be of the full thickness of material as rolled, 
and shall be machined to the form and dimensions shown in Fig. 1; except 
that bend test specimens may be machined with both edges parallel. 

11. (a) One tension, one cold bend, and one quench-bend test shall be 
made from each plate as rolled. 

(6) If any test specimen shows defective machining or develops flaws, it 
may be discarded and another specimen substituted. 

(c) If the percentage of elongation x>f any tension test specimen is less 
than that specified in Section 6 (a) and any part of the fracture is outside the 
middle third of the gage length, as indicated by scribe scratches marked on 
the specimen before testing, a retest shall be allowed. 

IV. Permissible Variations in Weight and Gage. 

12. When Ordered to Gage. — The thickness of each plate shall not vary 
more than 0.01 in. under that ordered. 

An excess over the nominal weight corresponding to the dimensions on 
the order shall be allowed for each plate, if not more than that shown in the 
following table, one cubic inch of rolled steel being assumed to weigh 0.2833 lb.: 
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ThicknMn 

ordered. 

Ins. 


Nominal 
weight. 

Lbs. per 
sq. It. 


Allowable ezcesa (expressed as percentage of nominal weight). 


Under 
50 ins. 


50 to 70 ins. 
excl. 


70 ins. 

or 
over. 


Under 
75 ins. 


76 to 

100 ins. 

excl. 


100 to 

115 ins. 

excl. 


115 ins. 

or 
over. 


i to A 

A to A 

A to J 

Over 1 


5. 10 to '6.37 
6.37 to 7.66 
7.65 to 10.20 
10.20 
12.75 
15.30 
17.85 
20.40 
22.95 
25.50 


] 


LO 

S.l 
7 




> 


15 

12.5 

10 


20 
17 
15 




• • ■ • 

• • • • 

• ■ • • 

10 
8 
7 
6 
5 

4.5 
4 
3.5 


• • • ■ 

• • • * 

■ • • • 

14 
12 
10 

8 

7 

6.5 

6 

5 


■ ■ ■ ■ 

• ■ ■ « 

• • « • 

18 
16 
13 
10 

9 

8.5 

8 

6.5 


• * • ■ 

a • • • 

• • • • 
« • • • 

13 
12 
11 
10 
9 

















V. Finish. 

13. The finished material shall be free from injurious defects and shall 
have a workmanlike finish. 

VI. Marking. 

14. The name or brand of the manufacturer, melt or slab number, grade, and 
lowest tensile strength for its grade specified in Section 6 (a), shall be legibly 
stamped on each plate. The melt or slab number shall be legibly stamped 
on each test specimen. 



VII. Inspection and Rejection. 

15. The inspector representing the purchaser shall have free entry, at all 
times while work on the contract of the purchaser is being performed, to all 
parts of the manufacturer's works which concern the manufacture of the 
material ordered. The manufacturer shall afford the inspector, free of cost, 
all reasonable facilities to satisfy him that the material is being furnished in 
accordance with these specifications. All tests (except check analyses) and 
inspection shall be made at the place of manufacture prior to shipment, unless 
otherwise specified, and shall be so conducted as not to interfere unnecessarily 
with the operation of the works. 

16. (a) Unless otherwise specified, any rejection based on tests made in 
accordance with Section 5 shall be reported within five working days from the 
receipt of samples. 

(&) Material which shows injurious defects subsequent to its acceptance 
at the manufacturer's works will be rejected, and the manufacturer shall be 
notified. 

17. Samples tested in accordance with Section 5, which represents re- 
jected, material, shall be preserved for two weeks from the date of the test 
report. In case of dissatisfaction with the results of the tests, the manu« 
facturer may make claim for a rehearing within that time. 
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STAin>ARD SPECIFICATIONS FOR BOILER RIVET STEEL. 

Adopted August 25, 1913. 
Revised September 10, 1914. 

A. REQUIREMENTS FOR ROLLED BARS. 

I. Manufacture. 

1. The steel shall be made by the open-hearth process. 

II. Chemical Properties and Tests. 

2. The steel shall conform to the following requirements as to chemical 
composition: 

Manganese, per cent 0.30 to 0.50 

Phosphorus, " '* not over 0.04 

Sulphur, " '' " *' 0.045 

3. An analysis to determine the percentages of carbon, manganese, phos- 
phorus and sulphur shall Be made by the manufacturer from a test ingot 
taken during the pouring of each melt, a copy of which shall be given to the 
purchaser or his representative. This analysis shall conform to the require- 
ments specified in Section 2. 

4. Analyses may be made by the purchaser from finished bars represent- 
ing each melt, which shall conform to the requirements specified in Section 2. 

III. Physical Properties and Tests. 

5. (a) The bars shall conform to the following requirements as to tensile 
properties : 

Tensile strength, lbs. per sq. in 45,000 to 55,000 

Yield point, min. lbs. per sq. in 0.5 tens. str. 

Elongation in 8 in., min. per cent ^'^.'.?9? 

Tens. str. 

but need not exceed 30 per cent. 

(6) The yield point shall be determined by the drop of the beam of the 

testing machine. 

6. (a) Cold-bend Tests. — The test specimen shall bend cold through 
180 degrees flat on itself without cracking on the outside of the bent portion. 

(6) QiLench'bend Tests. — The test specimen, when heated to a light cherry 
red as seen in the dark (not less than 1200° F.), and quenched at once in 
water the temperature of which is between 80° and 90° F., shall bend through 
180 degrees flat on itself without cracking on the outside of the bent portion. 

7. Tension and bend test specimens shall be of the full-size section of 
bars as rolled. 

8. (a) Two tension, two cold-bend, and two quench-bend tests shall be 
made from each melt, each of which shall conform to the requirements specified. 

(6) If any test specimen develops flaws, it may be discarded and an- 
other specimen substituted. 

(c) If the percentage of elongation of any tension test specimen is less than 
that specified in Section 6 (a) and any part of the fracture is outside the 
middle third of the gage length, as indicated by scribe scratches marked on 
the specimen before testing, a retest shall be allowed. 
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IV. Permissible Vabiations in Gaqe. 

9. The gage of each bar shall not vary more than 0.01 in. from that 
specified. 

V. Workmanship and Finish. 

10. The finished bars shall be circular within 0.01 in. 

11. The finished bars shall be free from injurious defects and shall have 
a workmanlike finish. 

VI. Marking. 

12. Rivet bars shall, when loaded for shipment, be properly separated 
and marked with the name or brand of the manufacturer and the melt num- 
ber for identification. The melt number shall be legibly marked on each 
test specimen. 

VII. Inspection and Rejection. 

13. The inspector representing the purchaser shall have free entry, at 
all times while work on the contract of the purchaser is being performed, to 
all parts of the manufacturer's works which concern the manufacture of the 
bars ordered. The manufacturer shall afford the inspector, free of cost, all 
reasonable facilities to satisfy him that the bars are being furnished in accord- 
ance with these specifications. All tests (except check analyses) and in- 
spection shall be made at the place of manufacture prior to shipment, unless 
otherwise specified, and shall be so conducted as not to interfere unnecessarily 
with the operation of the works. 

14. (a) Unless otherwise specified, any rejection based* on tests made in 
accordance with Section 4 shall be reported within five working days from the 
receipt of samples. 

(6) Bars which show injurious defects subsequent to their acceptance 
at the manufacturer's works will be rejected, and the manufacturer shall be 
notified. 

15. Samples tested in accordance with Section 4, which represent re- 
jected bars, shall be preserved for two weeks from the date of the test report. 
In case of dissatisfaction with the results of the tests, the manufacturer may 
make claim for a rehearing within that time. 



B, REQUIREMENTS FOR RIVETS. 

I. Physical Properties and Tests. 

16. The rivets when tested shall conform to the requirements as to 
tensile properties specified in Section 5, except that the elongation shall be 
measured on a gage length not less than four times the diameter of the rivet. 

17. The rivet shank shall bend cold through 180 degrees flat on itself, as 
shown in Fig. 2, without cracking on the outside of the bent portion. 

18. The rivet head shall flatten, while hot, to a diameter 2i times the 
diameter of the shank, as shown in Fig. 3, without cracking at the edges. 
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19. (a) When apeufied, one teoaion test shall be made from each size in 
each lot of riveta offered for inapection. 

(i) Three bend and three flattening tests shall be made from each size 
in each lot of rivets offered for inspection, each of which shall conform to the 
requirements specified. 



Fia. 2. Fia. 3, 

II. WoREJitAMBBip AND Finish. 

20. The riveta shall be true to form, concentric, and shall be made in a 
workmanUke manner. 

21. The finished rivets shall be free from injurioua defects. 

III. Inspection and Rejection. 

22. The inspector representing the purchaser shall have free entry, at all 
times while work on the contract of the purchaser is being performed, to all 
porta of the oianufacturer's works which concern the manufacture of the 
rivets ordered. The manufacturer shall afford tlie inspector, free of coat, all 
reasonable facilities to satisfy him that the rivets are being furniahed in ac- 
cordance with these speciScations. All tests and inspection shall be made 
at the place of manufacture prior to shipment, unless otherwise specified, 
and ahall be so conducted as not to interfere unnecessarily with the oper- 
ation of the works. 

23. Rivets which ^ow injurious defects subsequent to their acceptance 
at the manufacturer's works will be rejected and the manufacturer shall be 
notified. 

12. Factor of Safety. — Many of fhe conditions which must 
be considered in the selection of a factor of safety are mentioned 
in the foregoing paragraphs. Liability to shock from water 
hammer, lack of homogeneity in the material, deterioration due 
to corrosion, errors' of workmanship, the interdependence of 
parts, the hazard to human life, and the probability of severe 
overload summariae the principal reasons for care in choosing 
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the margin of safety for pressure vessels. To these may be 
added stresses due to the method of suspension, especially in 
the case of locomotive boilers. 

There are two general methods of specifying the value for the 
factor of safety. First, a variety of factors may be stipulated, 
some depending upon the length of time the boiler has been in 
commission and others taking into account the peculiarities of 
certain types of design. To these should be added one general 
value for new work. This is the method adopted in general 
by the Federal and State Governments of the United States. 
The second method consists of specifying one base value for all 
classes of work to which shall be added certain amounts deter- 
mined by age, faulty construction, poor design, and various 
stages of repair. These increments in the factor of safety are 
cumulative and it is the plan to require so great a value for poor 
and dangerous constructions as to discourage their use. The 
Dominion of Canada pursues the latter method. 

The Massachusetts Boiler Rules have been used as a model 
by many states and adopted bodily by others. Their stipula- 
tions in regard to factor of safety are as follows: 

For new boilers 5.00 

For stays and stay bolts (new work) 6 . 50 

For boilers in the state at the time of the enactment of the 
rules but not passing Massachusetts inspection, if used there- 
after, minimum factors of safety are to be as follows: 

Boilers with longitudinal lap joints not exposed to combustion 6 . 00 

Boilers with longitudinal lap joints not over 36 inches in diameter but 

exposed to combustion 6 . 00 

Boilers with longitudinal lap joints, over 36 inches in diameter and ex- 
posed to combustion 8 . 00 

Boilers with butt-strap joints not over 10 years old 4 . 50 

Boilers with butt-strap joints over 10 years old 5 . 00 

The test pressure is in all cases to be one and one-half times the working 
pressure. 

The base value for the Canadian rule is 4.50 for boilers of ap- 
proved design. To this is added a series of increments ranging 
from 1.00 for the use of single-riveted lap joints to 0.70 for 
double-riveted lap joints and 0.50 for triple-riveted lap joints. 
Various other penalties are exacted ranging down to 0.07 for 
poor alignment of holes. The total factor with the worst possi- 
ble accumulation of bad practice reaches 8.50, which compares 
favorably with that of the Massachusetts standard for longi- 
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tudinal lap joints when used upon externally fired boilers over 
36 inches in diameter. 

United States Federal rules do not' specify an exact value for 
the factor of safety but prescribe an elaborate set of limits for 
use in connection with various materials and forms. Theise rules 
are contained in the manual published by the United States 
Supervising Inspectors of Steam Vessels. 

13. Massachusetts Boiler Rules. — The following is a brief 
summary of those portions of the Massachusetts Rules which 
directly affect the design of steam boilers. 

1. Boilers exempt from inspection: 

(a) Boilers of railroad locomotives. 

(b) Boilers of motor road vehicles. 

(c) Boilers in private residences. 

(d) Boilers under jurisdiction of the United States. 

(e) Boilers used for agricultural purposes only. 
(/) Boilers of less than three horse-power. 

(g) Boilers used for heating purposes solely when equipped with a 
district poUce lock pop safety valve set at 15 poimds or less, 
and having less than 4 square feet of grate surface. 

(h) Fire engine boilers temporarily in the state during conflagrations. 

2. All other boilers shall be inspected when installed and annually there- 
after by the Inspection Department of the District Police under supervision 
of the Chief Inspector of Boilers. 

3. Boilers shall be made ready for examination upon fourteen days notice 
unless adjudged to be in a dangerous condition, in which case immediate dis- 
continuance from service may be required. 

4. No insurance shall be elective upon any boiler installed after the 
enactment of these laws unless the boiler conforms to said standards. 

5. All boilers shall be equipped with one or more fusible safety plugs 
located as specified hereafter. 

6. All boilers of special design shall be subjected directly to the Board 
for approval. 

The Massachusetts Boiler Rules are divided into three parts 
as follows: 

Pakt L Rules applicable to boilers installed before the enact- 
ment of these laws. 

Part II. Rules applicable to all boilers whenever installed. 

Part III. Rules applicable to boilers installed after the 

enactment of these laws. 

Part I. 

Applicahle to boilers installed before the enactment of these laws. 

7. The allowable wQrking pressure for a shell or drum boiler shall be 
determined by reference to the tensile strength and thickness of the plate, 
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the efficiency of the longitudinal joints, and the diameter of the shell, the 
units being pounds and inches throughout: 

p _ Tens, str. of plate X Thickness X EfF. of joint 

~" Inside radius of outer course X Factor of safety ' 

8. When unknown, the tensile strength shall be assumed to be 55,000 
pounds per square inch for steel plate and 45,000 pounds per square inch for 
wrought iron. 

9. Factor of safety for boilers with double-covered butt joints shall be 
assumed to be four and five-tenths (4.5). 

When unknown, the diameter of rivets shall be assumed as follows: 



Plate 




thicknefls. 


A»umed driven diam. of rivets. Ins. 


Ins. 




i 


ii 


V^ 


iJ 


A 


i 


a 


I 


f 


i up to and including 2 ins. pitch. 


f 


{I over 2 ins. pitch. 


ii 


ii 


^z 


1 up to and including 2^ ins. pitch. 


A 


{^ over 2} ins. pitch. 


H 


a 


i 


H 


A 


lA 


f 


1V« 



10. The size of safety valves, other than spring loaded, shall be governed 
by the pressure and grate area according to the following table: 



Maximum preesure 

allowed per square 

inch on the boiler. 


Zero to ■ 
25 pounds, incl. 


Over 25 to 
50 pounds, incl. 


Over 50 to 
100 pounds, incl. 


Diameter of Valve. 
Inches. 


Area of grate. Square feet. 


I 

u 

li 

2 

2i 
3 
3i 
4 

4i 
5 


1.50 

2.25 

3.00 

5.50 

8.25 

11.75 

16.00 

21.00 

26.75 

32.75 


1.75 

2.50 

3.75 

6.50 

10.00 

14.25 

19.50 

25.50 

32.50 

40.00 


2.00 

3.00 

4.00 

7.25 

11.00 

16.00 

21.75 

28.25 

36.00 

44.00 
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11. The conditions of installment for safety valves upon boilers in battery, 
connected to a common steam main, shall be such that low-pressure boilers 
can never be accidentally loaded with steam at a pressure beyond the allowable 
amount. 

12. Bach boiler shall have a blow-off pipe connected with the lowest 
available water space. 

Part II. 
Applicable to all bailers whenever instaUed, 

m 

13. The pressure aUowed on a boiler constructed wholly of cast iron shall 
not exceed 25 pounds per square inch. 

14. The pressure on water- tube boilers, the tubes of which are secured to 
cast iron headers, shall not exceed 160 pounds per square inch. 

15. The crushing resistance of soft steel plate shall be taken as 95,000 
pounds per square inch of projected area. 

16. The shearing strength of rivets per square inch of sectional area shall 

be taken as follows: 

Lbs. 

Iron rivets, single shear 38,000 

Iron rivets, double shear 70,000 

Steel rivets, single shear 42,000 

Steel rivets, double shear 78,000 

17. The lowest factors of safety used for boilers, the shells or drums of 
which are exposed to [the products of combustion and the longitudinal joints 
of which are of lap-riveted construction, shall be as follows: 

(a) Five (5) for boilers not over ten years old. 
(6) Five and five-tenths (5.5) for boilers over ten and not over fifteen 
years old. 

(c) Five and seventy-five hundredths (5.75) for boilers over fifteen 

and not over twenty years old. 

(d) Six (6) for boilers over twenty years old. 

(e) Five (5) for boilers the longitudinal joints of which are of lap- 

riveted construction and the shells or drums of which are not 
exposed to the products of combustion. 

18. Each boiler shall have one or more safety valves. 

19. The size of spring-loaded safety valves shall be determined by refer- 
ence to the pressure and grate area of the boiler, according to the table on 
the following page. 

20. The conditions of installment for spring-loaded safety valves upon 
boilers in battery, connected to a common steam main, shall be such that 
low-pressure boilers can never be accidentally loaded with steam at a pressure 
beyond the allowable limit. 

21. When conditions exceed those in the above table, spring-loaded safety 

valves shall be calculated by the following formula, the units being as stated: 

... 770 X Lbs. water evap. per sq. ft. of grate per sec. 

Area of valve, sq. m. = -jr- r — ?-■ if , — • x ui lu — 

Abs. pressure at which valve is to blow, lbs. sq. m. 
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Maximum preesure 
allowed per square 
inch on the boiler. 



Diameter of valve. 
InchoB. 



1 

li 
U 
2 

2J 
3 
3i 
4 

4J 
5 



Zero to 25 

poundfl, 

incl. 



Over 25 to 

50[}ouiidB, 

mol. 



Over 50 to 
100 pounds, 

IDCL 



Over 100 to 

150 pounds, 

incl. 



Over 150 to 

200 pounds, 

inoL 



Over 200 
pounds. 



Ar«fi of grate. Square feet. 



2.00 

3.25 

4.50 

8.00 

12.50 

17.75 

24.00 

31.50 

40.00 

49.00 



2.50 


2.75 


3.25 


3.50 


4.00 


4.25 


5.00 


5.50 


5.50 


6.00 


7.25 


8.00 


9.75 


10.75 


13.00 


14.00 


15.00 


16.50 


20.00 


22.00 


21.50 


24.00 


29.00 


31.50 


29.50 


32.50 


39.50 


43.00 


38.25 


42.50 


51.50 


56.00 


48.50 


53.50 


65.00 


71.00 


60.00 


66.00 


80.00 


88.00 



3.75 
5.75 
8.50 
15.00 
23.00 
33.25 
45.25 
59.00 
74.25 
92.25 



22. The combined areas of several safety valves when used shall conform 
to the requirements of the above table. 

23. Safety valve connections and escape pipes shall be full size throughout 
and no valve of any kind shall be placed between the safety valve and the 
boiler nor on the escape pipe between the safety valve and the atmosphere. 
All escape pipes shall be fitted with an open drain. 

24. Safety valves having either seat or disc of cast iron shall not be 
used. 

25. Safety valves hereafter installed on boilers shall not exceed five (5) 
inches in diameter, shall be spring loaded with seat at about forty-five (45) 
degrees to the center point of the spindle and shall be designed with a lifting 
device so that the disc can be lifted from its seat not less than one-eighth (1) 
the diameter of the valve with the pressure at seventy-five (75) per cent of 
that at which the safety valve is set to blow. 

26. Fusible plugs shall be filled with pure tin. 

27. The least diameter of fusible metal shall not be less than one-half ()) 
inch, except for working pressures of over one himdred and seventy-five 
(175) pounds, or when it is necessary to place a fusible plug in a tube, in 
which cases the least diameter of fusible metal shall not be less than three- 
eighths ({) inch. 

28. Each boiler shall have one or more fusible plugs of length sufficient to 
project through the sheet not less than one (1) inch and located as follows: 

(a) Horizontal return tubular boilera — in rear head not less than two 

(2) inches above upper surface of top row of tubes. 

(b) Locomotive type boilers — in the highest part of the crown sheet. 

(c) Vertical fire-tube hoUera — in an extra heavy outside tube not less 

than one-third (|) the tube length above lower tube sheet. 

(d) Vertical submerged tube sheet boHer — in upper tube sheet. 

(e) Water-tube hoUers with horizontal drums — in upper drum not less 

than six (6) inches above the bottom of the drum over the first 
pass of the flames. 
(J) Scotch marine hoUers — in combustion chamber top. 
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(g) Dry-back Scotch boilers — in rear head not less than two (2) inches 
above the surface of the upper row of tubes. 

(k) For other types and designs fusible plugs shall in general be placed 
at the lowest permissible water level, in the direct path of the 
flames, as near the primary combustion chamber as possible. 

29. Each boiler shall have a steam gage connected by siphon with T-handle 
shut-off cock, the gage to read to a pressure not less than one and one-half (!}) 
times that allowed for the boiler. 

30. Each boiler shall have at least one (I) water glass the lowest visible 
part of which shall be above the level of the fusible plug. In addition two (2) 
or more gage cocks shall be provided for boilers whose maximum pressure does 
not exceed twenty-five (25) pounds per square inch, the same to be located 
within the visible range of the water glass. In the case of boilers designed 
for more than twenty-five (25) pounds per square inch pressure, three (3) 
gage cocks shall be employed, the location to be similar to those specified 
above. 

31. Each boiler shall have a feed pipe fitted with a check and stop valve, 
the latter to be placed between the check valve and the boiler, and the feed 
water to discharge below the lowest safe water line. 

32. A boiler having one (1) square foot of grate surface shall be rated at 
three (3) horse-power when the safety valve is set to blow at over twenty-five 
(25) pounds pressure per square inch. 

33. A boiler having two (2) square feet of grate surface shall be rated at 
three (3) horse-power when the safety valve is set to blow at twenty-five (25) 
pounds pressure per square inch, or less. 

34. Hydrostatic pressure test shall not exceed one and one-half (1§) times 
the working pressure except in the case of pipe boilers and boilers permitted to 
carry not over twenty-five (25) pounds per square inch. In such cases twice 
the working pressure may be employed. 

35. The efiSciency of any type of riveted joint shall be determined as 
follows: 

_«, . _ Least resistance to failure per unit length of joint 

^ ~" Strength of solid plate per unit length of joint 

Part III. 
Applicable to boUera installed after the enactment of these laws, 

36. The material used for plates and rivets in the construction of steel 
shells or dnuns of boilers shall be as specified by the American Society for 
Testing Materials. 

37. Steel castings, in boiler parts shall have not less than fifty thousand 
(50,000) pounds per square inch tensile strength. 

38. Cast iron where permitted in boiler parts shall have not less than 
eighteen thousand (18,000) pounds per square inch tensile strength. 

39. Cross pipes, mud and water drums, and all other connections where 
the pressure exceeds one hundred and sixty (160) pounds per square inch shall 
be of wrought or cast steel. 
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40. Pressure parts of superheaters, whether attached or separately fired, 
shall be of wrought or cast steel when the working pressure exceeds fifty 
(50) pounds per square inch. 

41. Boiler and superheater mountings shall be of wrought or cast steel 
when exposed to steam which is superheated over eighty (80) degrees Fahren- 
heit. 

42. Waterlegj and door-frame rings of vertical boilers thirty-six (36) 
inches or over in diameter shall be of wrought or cast steel or wrought 
iron. 

43. Waterleg and door-frame rings of locomotive-type boilers shall be of 
wrought or cast steel or wrought iron. 

44. The working pressure of new boilers shall be based on a factor of 
safety of five (5). 

45. The tube sheets of horizontal return tubular boilers not over thirty- 
six (36) inches in diameter and designed for not over one hundred (100) 
pounds per square inch pressure may be stayed by steel angles or T-bars 
riveted to place, the above angles or T-bars to be calculated as uniformly 
loaded beams with a fiber stress not exceeding sixteen thousand (16,000) 
pounds per square inch. 

46. The longitudinal joints of a boiler the shell or drum of which exceeds 
thirty-six (36) inches in diameter shall be of butt and double strap con- 
struction. 

47. The longitudinal joints of a boiler the shell or drum of which does 
not exceed thirty-six (36) inches in diameter may be of lap-riveted con- 
struction, and the working pressure on such shells shall not exceed one hun- 
dred (100) pounds per square inch. 

48. AU longitudinal joints of horizontal return tubular boilers shall be 
located above the fire line of the setting. 

49. Longitudinal joints shall not have a continuous length of over twelve 
(12) feet. AU shell plates shall be of the same gage with a minimum of one- 
fourth (i) inch. 

50. The minimum thickness of shell plates shall be as follows: 



When the diameter 'o( ahell is — 


38 inches or 
under. 


Over 36 to 54 
inches inclusive. 


Over 54 to 72 
inches inclusive. 


Over 72 inches. 


} inch 


A inch 


} inch 


i inch 



51. The minimum thickness of butt straps shall be determined by the 
following table, straps to be accurately rolled to form: 
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Thickness of 


Minimum thick- 


Thickness of 


Minimum thick- 


shell plates. 


ness of butt straps. 


shell plates. 


ness of butt straps. 


Ins. 


Ins. 


Ins. 


Ins. 


i 


1 


a 


A 


A 


i 


A 


A 


A 


i 


i 




H 


i 


i 




f 


A 


i 




i! 


A 


I 




A 


i 


11 




a 


1 


li 




i 


A 







52. The minimum thickness of tube sheets shall be as follows: 



When the diameter of tube sheet is — 


42 inches or 
under. 


Over 42 to 54 
inches inclusive. 


Over 54 to 72 
inches inclusive. 


Over 72 inches. 


i inch 


1^ inch 


} inch 


A inch 



53. The minimum thickness of a convex head shall be determined as fol- 
lows, all imits being in inches and pounds: 

»^. , _ Half rad ius o f convexity X Factor of safet y X Work, pressure 

~ Tens. str. of material 

54. The thickness of concave heads shall be one and two-thirds (1}) times 
that of the corresponding convex heads and a factor of safety of five (5) 
shall be used in such calculations. 

55. Convex or concave heads with a manhole opening shall have a thick- 
ness at least one-eighth (1) of an inch greater than that calculated above. 

56. Convex or concave heads with a manhole opening shall have the flange 
turned inward to a depth of not less than three (3) times the thickness of the 
head. 

57. The spacing of stay bolts with riveted heads for use with flat plates 
or cylindrical furnace sheets of internally fired boilers in which the external 
diameter of the furnace is over tliirty-eight (38) inches shall conform to that 
given in the following table: 



; . 
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TABLE OF MAXIMUM ALLOWABLE PITCH OF SCREWED 
STAY BOLTS, ENDS RIVETED OVER. 



Pressure, in 

pounds per 

square inch. 




100 
110 

120 
125 
130 
140 
150 
160 
170 
180 
190 
200 
225 
250 
300 



Thickness of plate. 



Maximum pitch of stay bolts. Ins. 



5i 

5i 

5J 

5 

5 

4i 

4} 

4j 

41 

4f 

4f 

4i 

4i 

4 

3i 



6i 


7 


7f 


81 




6 


6: 


71 


81 




5i 


d 


7i 


7i 


8: 


51 


6 


7 


7i 


8 


61 


6i 


6 


7i 


8 


5i 


6 


6 


71 


8 


5i 


51 


6 


7i 


7 


Si 


5 


6 


6i 


7 


5 


5 


6J 


6J 


7 


4i 


5 


6 


6 


7: 


4J 


6 


5 


6 


7 


4J 


6 


5 


6 


6:: 


4i 


5 


5 


6 


6 


4} 


4i- 


5 


5} 


6 


4i 


41 


4i 


5} 


5i 



81 
8 

7i 

7} 

7i 

71 

7 

61 

64 



Corrugated or reinforced furnace tubes arc not amenable to the dimensions 
given in the above table. Stay bolts adjacent to furnace doors or other 
fittingSi where the allowable pitch is not over five and one-half (54) inches, 
may have an increased pitch of not over one (1) inch. 

58. An internally fired boiler, in which the external diameter of the furnace 
is thirty-eight (38) inches or less, except a corrugated or reinforced furnace, shall 
have the furnace sheet supported by at least one row of stay bolts, the circum- 
ferential pitch of which shall not exceed that given in the following table and 
the minimum outside diameter of stay bolts shall be as given in the table of 
paragraph 59. 

CIRCUMFERENTIAL PITCH OF STAY BOLTS. 





Pressure, in pounds per square inch. 


Thickness of 
■ Furnace 
Sheet. 


100 


no 


120 


125 


130 


140 


150 


175 




Circumferential pitch of stay bolts, in inches, not to exceed 


i inch 

^ inch 


s 


41 

5i 


41 
5i 


41 
5 


4i 
5 


4i 

4i 


41 
4i 


31 
41 



59. The longitudinal pitch of stay bolts on the furnace sheet of an internally 
fired boiler, in which the external diameter of the furnace is thirty-eight (38) 
inches or less, except a corrugated or reinforced fiurnace, shall not exceed that 
given in the following table: 
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LONGITUDINAL PITCH OF STAY BOLTS. 



External diameter of 
furnace not exceed- 
ing 20 inches. 



Thickness of furnace 
sheet i inch. 



External diameter of 
furnace not exceed- 
ing 26 inches. 



Thickness of furnace 
sheet i inch. 



Thickness of furnace 
sheet A inch. 



External diameter of 
furnace not exceed- 
ing 32 inches. 



Thickness of furnace 
sheet 1^ inch. 



External diameter of 
furnace not exceed- 
ing 38 inches. 



Thickness of furnace 
sheet 3^9 inch. 



Preasure, in pounds per square inch. 



100 



110 


120 


125 


130 


140 


160 



175 



Longitudinal pitch of stay bolts, in inches, not to exceed — 



lOi 


81 


71 


7i 


61 


54 



121 



Diameter of stay bolts over threads shall not be 
less than three-fourths (}) inch. 



Pressure, in pounds per square inch. 



100 



no 


120 


125 


130 


140 


150 



175 



Lon^tudinal pitch of stay bolts, in inches, not to exceed — 



6 


5t 


41 


4f 


• • ■ a 





71 



Diameter of stay bolts over threads shall not be 
less than three-fourths (}) inch. 



ISi 



14i 


121 


111 


101 


9 


8 



51 



Diameter of stay bolts over threads shall not be 
less than seven-eighths (}) inch. 



Pressure, in pounds per square inch. 



100 



110 



120 



125 



130 



140 



Longitudinal pitch of stay bolts, in inches, not to exceed — 



Hi 



n 



8t 



7i 



6 



Diameter of stay bolts over threads shall not be 
less than seven-eighths (J) inch. 



Preasurtt. in pounds per square inch. 



100 



110 



120 



125 



130 



Longitudinal pitch of stay bolts, in inches, not to exceed — 



81 



5J 



51 



Diameter of stay bolts over threads shall not be 
less than seven-eighths (i) inch. 
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60. When the longitudinal joint of the furnace sheet of a fire-tube boiler 
is of lap-riveted construction a stay bolt in each row shall be located as near 
the joint as possible. 

61. The upper segment of heads of horizontal boilers more than thirty-six 
(36) inches in diameter shall be stayed by welded or weldless mild steel or 
wrought iron through stay rods or diagonal braces. 

62. Horizontal return tubular boilers having a manhole below the tubes 
shall have one or more stays on each side of the manhole, the rear ends of 
which shall be attached to the rear head of the boiler, and the front ends shall 
pass through the front head and shall be secured with nuts inside and out. 
The center line of such stays at the front head shall not be below the center 
line of the manhole. 

63. Stay rods shall not exceed three (3) feet in length when screwed through 
the sheets and riveted over. 

64. The maximum allowable stress per square inch of stays and stay bolts 
shall be as follows, the same to be based upon a factor of safety of at least six 
and five-tenths (6.5). 

STRESSES IN STAYS. 



Material and type. 



Weldless mild steel head to head or through stays 

Weldless mild steel diagonal or crow-foot stays . 

Weldless wrought iron head to head or through 
stays 

Weldless wrought iron diagonal or crow-foot 
stays 

Welded mild steel or wrought iron stays 

Mild steel or wrought iron stay bolts 



Sise up to and 

including 1^ ins. 

diameter or 

equivalent 

area. 



Lbs. sq. ins. 

8000 
7500 

7000 

6500 
6000 
6500 



Sixeover 1^ ins. 

diameter or 

equivalent 

area. 



Lbs. sq. ins. 

9000 
8000 

7500 

7000 
6000 
7000 



65. Stay bolts shall be threaded with United States standard threads 
either ten (10) or twelve (12) to the inch and their strength shall be based 
upon their root area and the allowable fibre stresses given in the above table. 

66. The minimum thickness of cast iron nozzles shall be determined by 
reference to the working pressure, inside diameter, factor of safety and tensile 
strength of cast iron, the units being pounds and inches throughout: 



Thickness — 



Pressure X Inside diameter 
3000 



+ 0.5. 



The above expression is based upon the tensile strength of eighteen thousand 
(18,000) pounds per square inch previously recommended for cast iron and a 
factor of safety of twelve (12). 
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67. When the pressure exceeds one hundred and thirty-five (135) pounds 
per sq. in., the thickness of cast iron pipe flanges shall be not less than that 
specified by the Manufacturers' Standard for High Pressure. 

68. Joint laps shall be not less than one and one-half (1}) times the diameter 
of the rivet hole. 

69. Rivet holes shall be either drilled full size from the solid with plates, 
butt-straps and heads bolted in position; or they may be punched not to ex- 
ceed one-fourth (}) inch less thai) full size for plates over five-sixteenths (fz) 
inch in thickness, and one-eighth (|) inch less than full size for plates not ex- 
ceeding five-sixteenths {^) inch in thickness, and then drilled or reamed to 
full size with plates, butt-straps and heads bolted up in position. 

70. Tube holes shall be drilled full size, or they may be punched not to 
exceed one-half (§) inch less than full size, and then drilled, reamed or finished 
full size with rotating cutter, the edges of the holes being chamfered to a 
radius of about one-sixteenth d^) inch. 

71. A fire-tube boiler shall have the ends of the tubes substantially beaded. 

72. The ends of all tubes, suspension tubes and nipples shall be flared 
not less than one-eighth (|) inch over the diameter of the tube hole on all 
water-tube boilers and superheaters. 

73. The ends of all tubes, suspension tubes and nipples of water-tube 
boilers and superheaters shall not project through the tube sheets or headers 
less than one-fourth (}) inch nor more than one-half (i) inch. Separately 
fired superheaters shall have the tube ends protected by refractory material 
where they connect with drums or headers. 

74. An opening in a boiler for a threaded pipe connection one (1) inch in 
diameter or over (except water column connections) shall not have less than 
the minimum number of threads in such opening, as shown in the following 
table: 

THREADS IN PIPE OPENINGS. 



Sice of pipe oon- 
nectioD. Ins. 


1 and a 


li and 2 


2ito4 
inclusive 


4(to6 
inclusive 


7 and 8 


9 and 10 


12 


Number of threads 
per inch. 


Hi 


11* 


8 


8 


8 


8 


8 


Minimum number of 
threads required in 
opening. 


' 4 


5 


7 


8 


10 


12 


13 


Minimum thickness of 
material required to 
give above number 
of threads. Ins. 


0.348 


0.435 


0.876 


1.000 


1.250 


1.500 


1.625 



If the thickness of the material in the boiler is not sufficient to give such 
number of threads, there shall be a standard commercial pressed steel flange, 
bronze composition flange, cast steel flange or steel plate, substantially 
riveted to the boiler, so as to give the required number of threads. A main 
steam or safety valve opening may be fitted with either a cast steel, cast 
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iron or bronze composition nozzle, and a feed-pipe connection may be fitted 
with a brass or steel boiler bushing. 

75. An elliptical manhole opening shall be not less than eleven (11) by 
fifteen (15) inches in size. 

A circular manhole opening shall be not less than fifteen (15) inches in 
diameter. 

76. There shall be a manhole in the upper part of the shell or head of a fire- 
tube boiler over forty (40) inches in diameter, except a vertical fire-tube boiler. 

77. A manhole frame shall be of wrought or cast steel, and shall have a net 
cross-sectional area, on a line parallel to the axis of the shell, not less than 
the cross-sectional areas of shell plate removed on the same line. 

78. Manhole frames on shells or drums shall have the proper curvature, 
and on boilers over forty-eight (48) inches in diameter shall be riveted to the 
shell or drum with two rows of rivets. The strength of the rivets in shear 
shall not be less than the tensile strength of the shell plate removed, on a line 
parallel to the axis of the shell, through the center of the manhole. 

79. Manhole covers shall be of wrought or cast steel. 

80. A manhole shall be located in the front head, below the tubes, of a 
horizontal return tubular boiler sixty (60) inches or over in diameter. 

81. A manhole or handhole shall be located in the front head, below the 
tubes, of a horizontal return tubular boiler less than sixty (60) inches in 
diameter. 

82. A handhole shall be located in the rear head of a horizontal return tubu- 
lar boiler, below the tubes, except one which has a manhole in the front head, 
below the tubes. 

83. A locomotive type boiler shall have not less than six (6) handholes, 
located as follows: 

One (1) in the rear head, below the tubes. 

One (1) in the front head, at or about the line of the crown sheet. 

Four (4) in the lower part of the waterleg. 

Also, where possible, one (1) near the throat sheet. 

84. A vertical fire-tube boiler, except the boiler of a steam fire engine, 
shall have not less than four (4) handholes, located as follows: 

One (1) in the shell at or about the line of the crown sheet. 

One (1) in the shell at or about the line of the fusible plug, except a verti- 
cal fire-tube boiler having a manhole in the shell or head, through which the 
fusible plug is accessible. 

Two (2) in the shell at the lower part of the waterleg. 

85. A vertical fire-tube boiler of a steam fire-engine shall have not less 
than three (3) brass washout plugs of not less than one (1) inch pipe size, 
screwed into the shell and located as follows : 

One (1) at or about the line of the crown sheet. 
Two (2) at the lower part of the waterleg. 

86. There shall be not less than one (1) inch of solid plate in the clear, 
inside and out, around a handhole opening in a boiler; except that on a stay- 
bolted surface seven-sixteenths (^) inch thick or over there shall be not 
less than one-half (i) inch of solid plate in the clear, inside and out, aroimd 
a handhole opening. 
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87. A horizontal return tubular boiler over seventy-eight (78) inches in 

diameter shall be supported, independent of the boiler side-walls, from steel 
lugs by the outside suspended type of setting; where three (3) supports are 
necessary on each side of a boiler, an equalizer shall be used. 

88. A horizontal return tubular boiler over fifty-four (54) inches in diam- 
eter, and up to and including seventy-eight (78) inches in diameter, shall be 
supported by the outside suspended type of setting, or by not less than four 
(4) steel or cast iron brackets on each side, set in pairs. 

89. A horizontal return tubular boiler up to and including fifty-four (54) 
inches in diameter shall be supported by the outside suspended type of setting, 
or by not less than two (2) steel or cast iron brackets on each side. 

90. Supporting lugs or brackets shall have the proper curvature and be 
securely riveted to the shell. The shearing stress on the rivets shall not exceed 
eight (8) per cent of the ultimate shearing strength given in Part II of these 
rules. 

91. The upper surface of the fire-grate of an internally fired boil^ of the 
open bottom locomotive, vertical fire-tube or similar type, shall not be below 
the water space in the waterleg, except where the rivets at the bottom of the 
waterleg are protected from the action of the fire and products of combustion. 

92. Wet-bottom boilers shall have a clear space of not less than twelve 
(12) inches between the bottom of the boiler and the floor line. 

93. The feed water shall discharge above the tubes, about three-fifths (|) 
the length of a horizontal return tubular boiler from the front head (except 
a horizontal return tubular boiler equipped with an auxiliary feed-water 
heating and circulating device), and at or about the central rows of tubes 
when the diameter of the boiler exceeds thirty-six (36) inches and the pressure 
allowed exceeds twenty-five (25) pounds per square inch. The feed pipe 
shall be carried through the head or shell with a brass or steel boiler bushing 
(or the opening reinforced), and securely fastened inside the shell above the 
tubes. 

94. Feed water shall not be discharged in a boiler in close proximity to riv- 
eted joints in shell or furnace sheets. 

95. The maximum size of a surface blow-off pipe shall not exceed one 
and one-half (li) inches, and it shall be carried through the shell or head 
with a brass or steel boiler brushing, or the opening reinforced. 

96. Each boiler shall have a bottom blow-off pipe, fitted with a valve or 
cock, in direct connection with the lowest water space practicable; the mini- 
mum size of pipe and fittings shall be one (1) inch and the maximum size 
shall be two and one-half (2}) inches. Globe valves shall not be used. 

97. A bottom blow-off pipe shall be protected from the products of com- 
bustion by a fire-brick casing, substantial cast iron removable sleeve, or 
covering of non-conducting material. 

98. The minimum size of pipes connecting the water column of a boiler 
shall be one (1) inch. 

99. The steam connections to the water column of a horizontal return 
tubular boiler shall be taken from the top of shell or the upper part of head; 
the water connection shall be taken from a point not less than six (6) inches 
below the center line of the shell. 
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100. The lowest factors of safety to be used in calculating the maximum 
allowable pressure on boilers which were in this Commonwealth on or before 
the enactment of these rules, and which are not Massachusetts Standard, or 
which have not been passed by joint inspection, if hereafter installed, shall 
be as follows: 

(a) Six (6) for boilers the longitudinal joints of which are of lap-riveted 
construction, and the shells or drums of which (wre not exposed to the products 
of combustion. 

(&) Six (6) for boilers the longitudinal joints of which are of lap-riveted 
constructiqn, and the shells or drums of which are exposed to the products of 
combustion, diameters up to and including thirtynsix (36) inches. 

(c) Eight (8) for boilers the longitudinal joints of which are of lap-riveted 
construction, and the shells or drums of which are exposed to the products of 
combustion, diameters over thirty-six (36) inches. 

{d) Four and five-tenths] (4.5) for boilers the longitudinal joints of which 
are of butt- and double-strap construction, age not exceeding ten (10) years. 

(e) Five (5) for boilers the longitudinal joints of which are of butt- and 
double-strap construction, age over ten (10) years. 

The hydrostatic pressure test on such boilers shall be one and one-half (!}) 
times the maximum allowable pressure obtained by using the above factors 
of safety. 

14. Lined Tanks. — In order to prevent destructive corrosion 
on the interior surfaces of tanks and pressure vessels, various 
linings, more or less insoluble in character, have been employed. 
The metals most generally used for this purpose are copper, 
lead and silver. Monel metal, an alloy consisting of 72 per cent 
nickel, 1.5 per cent iron and 26.5 per cent copper, is also well 
adapted to form non-corrosive linings for mine and sea pumps. 

There are two general methods by which the above linings are 
applied. First, a liner or sleeve of the non-corrosive material 
may be accurately shaped and forced to place. Second, an in- 
terior coating of the insoluble metal may be brazed or soldered 
directly to the outer shell. Copper and hard alloys are the ma- 
terials best fitted for forced liners. There is just enough duc- 
tility to such bushings to permit tight fits around pistons and 
valves and thereby prevent leakage. When cold-rolled there is 
sufficient density to such metals to resist percolation through their 
pores at very high pressures. Consequently, copper and alloy 
liners, forced or rolled to place, frequently form the linings of 
hydraulic cylinders, serving in a double capacity to prevent both 
corrosion and leakage. When necessary the ends of such sleeves 
may be hermetically brazed to the exterior cylinder walls. 
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Soft linings such as those of lead, silver or thin copper are 
generally soldered or "sweated" to place. The inside surface 
of the shell must first be thoroughly cleansed by sand blast or 
otherwise, and given a preliminary coating of the solder or 
other flux to be used. The latter process can often be best ac- 
complished by heat apphed from the outside of the tank. Next, 
the lining itself, fashioned to a fair fit and given an exterior 
coating of flux, is inserted in the tank. Air pressure at 100 
pounds per square inch or more is then introduced inside of the 
lining and instantly causes the latter to take the interior shape 
of the tank. Rivet heads and over-lapping plates present no 
difficulty to this process provided the lining is thick enough to 
stretch over such irregularities without rupture. To be certain 
that the air pressure is confined within the lining, the latter 
must be soldered to the inlet pipe. When the outer shell con- 
tains uncalked riveted joints there is generally sufficient vent 
through them to let out the air imprisoned between the lining 
and shell. When of one piece it may be necessary, to pierce 
the outer shell by small holes for the above purpose. 

It next remains to heat the tank from without to a degree 
sufficient to insure the complete union of the shell and lining. 
The desired temperature can best be determined by noting the 
time at which a piece of the flux-metal fuses upon the outside 
of the tank thus indicating the necessary degree of heat within 
and preventing injury to the lining. Such tanks are of great 
service in the processes of refrigeration, rendering and reclaim- 
ing, as well as for many purely chemical operations carried on 
in the arts. 



CHAPTER II. 

STRESSES IN PRESSURE VESSELS. 

Theoretical formulae for the determination of stresses in ves- 
sels subjected to pressure may, in general, be grouped under 
three heads, 1®, Spheres, 2®, Cylinders, and 3°, Flat plates. Under 
spheres should be included the segments of spheres as used for 
the ends of cylindrical pressure vessels. Spheres and cylinders 
may have thin or thick shells and be subjected to either internal or 
external pressure or both. Flat plates may be of different shapes, 
either supported or fixed at the edges, or the plate may be con- 
tinuous and supported at a system of points. 

Stress formulae may be derived from a purely theoretical dis- 
cussion, or the form of the equation, in so far as the variables are 
concerned, may be obtained from such a discussion and used in 
connection with an experimental constant. The practice of de- 
termining dimensions from a purely empirical equation, based on 
designs which have not failed, is not to be recommended. In any 
event the designer must appreciate the assumptions upon which 
his formulae are based, and the limits within which they may be 
used with a reasonable degree of assurance. 

Since formulae may be deduced with reference to either appar- 
ent or true stresses, a clear understanding of these terms is essen- 
tial. Throughout the following discussion the term stress will be 
taken to mean an internal force. That is, if a body be subjected 
to external forces or loads, the stress is that force which particles 
of the body on one side of a cutting plane exert upon the particles 
on the other side. Strain is the deformation of the body due to 
the application of external forces. An apparent stress is one de- 
termined by the principles of statics, the body being assumed to be 
perfectly inelastic. The portion of the body on one side of the 
plane at which the stress is desired is taken as rigid. The un- 
known internal force or forces at the plane form part of the system 
of forces acting on this portion and may be found by applying the 

48 



STRESSES IN PRESSURE VESSELS 



49 



conditions of equilibrium. The criterion of safety in this case is 
that the working stress shall not exceed a certain fraction of the 
ultimate strength of the material. Expressed algebraically 

. _ Ultimate strength 

; working '^ p^^^^ ^j g^^^y • 

A true stress is one which corresponds to a strain. The term 
true stress will be used for convenience. It must be borne in 
mind, however, that such a stress is not a stress in the sense of 
the definition given above. True stresses are those which would 
be required to produce the given strains, provided the elastic 
limit of the material be not exceeded. The elastic properties of 
the body must be considered in the determination of such a stress. 
A design based on true stresses is in reaUty a design of limited 
strains. In such cases the strain should never exceed that at 
the elastic limit divided by a factor of safety, or, 



/workiDg 



- b 



Elastic limit 
Factor of safety ' 

where / is a true stress. 

^ Either an apparent or a true stress may be 

the larger, and care should be taken in any 
case that both are considered. If they are 
not, an apparent factor of safety may be con- 
siderably in excess of the actual factor. An 
intelligent choice of constants and factors Qf 
safety will, in many cases, give results closely 
in accord, from equations which seemingly 
give widely varying results where the same 
constants are used in all cases. To illustrate 
the above assume a rectangular prism. Fig. 4, 
subjected to the external vertical forces P at 
its ends. These forces cause, at the cross sec- 
tion ab, an apparent, and in this case a true, 
intensity of stress p. While there is no ap- 
parent stress in any horizontal direction there is a strain and hence 
a true stress in all horizontal directions. This true stress may be 
obtained from the apparent stress by multiplying by the coeffi- 
cient of lateral contraction or Poisson's ratio. This ratio is usually 
taken as \ or fV for wrought iron or steel and \ for cast iron. 
Final equations are but little affected by the choice of this ratio. 



P 

Fig. 4. 
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and it will be taken as ^ in all cases. The reciprocal of this ratio 
is designated by "m," hence m = 3. It is to be noted that an 
p apparent stress of tension in one direction 

causes a true stress of compression in all di- 
rections at right angles. Assume the prism 
of Fig. 4 to be subjected also to compressive 
horizontal external forces P', Fig. 5. These 
forces cause an apparent intensity of stress, 

Q_ ^ ^ 1 |_ 1^ P* .jj p', on a plane perpendicular to ab. While the 

apparent intensity of stress on ab is still p, 

the true intensity of stress is p + ^ , tension. 

Hence a consideration of both stresses is neces- 
sary in an economical design. 

The obtaining of true stresses from appar- 
ent stresses is not to be confused with the 
compounding of apparent stresses. In this 
case apparent stresses on two planes through a given point are 
used to determine an apparent stress on any other plane through 



T 



P 

Fig. 5. 




the point. Use will be made of this proposition in connection with 

m 

helical riveting. Given the point 0, Fig. 6, in a body, through 
which pass planes XX and YY perpendicular to the plane of the 



THIN HOLLOW SPHERE 51 

paper. Assume as the simplest case, and the only one which it is 
necessary to consider in this work, that these are Principal Planes, 
that is, planes upon which the resultant stress is wholly normal. 
Let these resultant stresses, called Principal Stresses, be denoted 
by px and py, unit stresses in each case. The resultant unit stress 
Pry on any other plane A A, passing through 0, whose normal 
makes an angle d with the X axis, is obtained as follows: The in- 
tensity of stress on AA due to px will be p, cos 6 which may be 
resolved into two components normal and tangential to plane AA. 

Normal component = p, cos^ 6. 
Tangential component = p, cos 6 sin $. 

Similarly for py. 

Normal component = py sin^ 6, 

Tangential component = py sin 6 cos 6. 

Hence pa, the resulting normal component on AA, will equal 
Px cos^ ^ + Py sin'^, and Say the tangenti^ component, will equal 
(Px — Py) sin cos 6. 
Therefore, 

Pr = Vp7Ts7 

= [px^ COS* ^ + 2 pxPy cos^ e sin^ $ + p^ sin* 

+ p^ sin^ B cos* ^ - 2 pxPy sin* B cos* B 
+ p^ sin* B cos* B^ 
= fpx* cos* B (cos* B + sin* B) + p,* sm* B (cos* B + sin* ^)]» 
= [px* cos* ^ + Py* sin* ^]* (1) 

which is the expression for the resultant stress on plane AA, due 
to the given principal stresses. 

It is evident that pr will always have values between p, and Py, 
except when p* = Py^ in which case Pr ^ Pz — py* Hence one of 
the principal stresses is a maximum and the other a minimum. 

16. Thin Hollow Sphere. — When a spherical shell is so thin 
that the stress may be taken as uniformly distributed from the 
inside wall to the outside wall, the calculation of this stress is a 
comparatively easy matter. 

Let Fig. 7 represent the upper half of a thin sphere, where 

r = internal radius of sphere, 
t — thickness of shell, 
p = intensity of internal pressure, 
/ = intensity of tangential stress (hoop tension). 

Considering this portion of the sphere as a solid body, the total 
force tending to raise it is 7rr*p. This must be equal to the stress 
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with which the lower portion acts upon the upper portion at the 
section, or 2 irrft, very nearly. 

Hence, Trr^p = 2 irrft 



/ = 



__pr 



2t 



(2) 



In this case / is, of course, only an apparent principal stress, 
and in any given case would be taken as the ultimate tensile 
strength of the material with a proper factor of safety. 





Fia. 7. 

To illustrate the design on the basis of maximum strains, con- 
sider the point lying in the wall of the spherical shell. Fig. 8, at 
the intersection of planes XX and YY. There is an inten- 

sity of stress normal to plane FF, /y = £^, from equation (2). 

There is also an intensity of stress normal to plane XX, 

fx= k-a' The radial stress p, also acting, if is on the inside sur- 
^ t 

face of the wall, is neglected. The stresses/, and/y are apparent 

stresses from which the true tangential stress may be found thus: 

/true = /* ■" tfy ~ /» ~ l/* 



~2i""6« 



"3< 



(3) 



Thus it is seen that the true stress is only two-thirds of the apr 
parent stress. The design should be such that the value of this 
true stress falls well within the elastic limit of the material. 
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Equations (2) and (3) hold equally true for thin hollow spheres 
subjected to external pressure, but they are of little value when 
so used,.because slight deviations from the true spherical form are 
rapidly exaggerated, and the sphere fails by collapse rather than 
by direct compression. 

16. Thick Hollow Sphere. — It is desired to obtain the in- 
tensity of hoop tension at the inner surface of the thick hollow 
sphere, Fig. 9, subjected to internal pressure only. 




Fig. 9. 

Let /i = intensity of hoop tension. 

fi = internal radius of sphere. 

Tf = external radius of sphere. 

Pi = intensity of internal pressure. 

r = radius of an elementary annulus. 

p = radial pressure on the elementary annulus (inside). 
p + dp = radial pressure on the elementary annulus (outside). 

/ = intensity of tangential stress on annulus. 

A small particle at M is subjected to a stress /, normal to the 
horizontal plane AB, a stress /, normal to the plane of the paper, 
and a radial stress p. It can be shown by the principle of least 
work that the algebraic sum of these stresses is a constant for all 
points in the sphere. Hence, 

2/-p = 2/i-pi, (4) 

tensions being written positive and compressions negative. Con- 
sider the forces acting on the elementary hemispherical annulus. 

Acting upward, rr^. 
Actitig downward, x (r + dry{p + dp) and 27rrfdr. 
Equating, rr^p = x (r + dr)*(p + dp) + 2 irrfdr. 



or 
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Solving, omitting differentials of more than the first power, 

rdp = — 2pdr — 2/dr, 
dp _ 2dr 

From equation (4) j^ V + ^h-Pi , 

Therefore, 

2 dp ^ 2dr 

3p + 2/i-pi" r ' 

3 dp ^ Sdr 
3p + 2/i«pi"" r ' 

Hence, by integration, 

log (3p + 2/i - pi) = - Slogr + logc, 

where log c is the constant of integration. 

log (3 p + 2/i - pi) + logr* = logc, 
log [(3 p + 2fi- pi) (r»)] = log c, 

or 3p + 2/i«Pi=^ (5) 

P = §(pi-2/, + ^) (6) 

.To find c, note that, when r = r2, p = 0. 

c = (2/i - pi) r2». 

Then, substituting for p in equation (5) its equal from equation 
(4), 2/+P1-2/1, 

6/+ 3pi - 6/1 + 2/1 - pi = ^(2/i - pi), 

6/ = 4/i-2pi + ^\2/i-pO, 

which is the expression for the tangential stress at any radius r. 
When r = n, / = /i. 

Hence, 6/1 = 4/i - 2 pi + ^3 (2/i - pi), 



PI 



(?+'■■) 



and /i = s 3 — , (7) 



or 



r ~ r 4 72/1 + 2 Pi .j,x 
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E]quation (7) then gives the apparent intensity of hoop or tan- 
gential tension at the inside surface of a thick spherical shelly 
this being the maximum stress. Stresses calculated by equation 
(7) will always be in excess of those calculated by equation (2) for 
thin spheres. The error, however, will be only six-tenths of one 
per cent where the thickness is not more than ten per cent of 
the internal radius, and not over two per cent when the internal 
pressure does not exceed one-third of the allowable fibre stress. 

The true intensity of stress at the inside surface is found from 
the coefficient of lateral contraction, thus: 

/troe — J I Q I rt 



-^m^) "> 



Evidently /true will be less than /i for all cases where pi is less than 
/i, that is when the internal pressure does not exceed the allow- 
able fibre stress. It is interesting to note that for cases where the 
above is not true, equation (7) for the apparent stress is on the 
unsafe side, and equation (9) should be used. Such a case might 
be that of a cast iron sphere subjected to an internal pressure of 
5000 pounds per square inch with an allowable working fibre 
stress of 4500 pounds per square inch. 

17. Thin Hollow Cylinder. — Vessels of a cylindrical shape 
are the ones most widely used to withstand fluid pressures. Where 
the thickness of the cylinder is small compared with the diam-. 
eter and the pressm-e is internal, the tensile stress in the ma- 
terial may be computed readily and with considerable assurance. 
The same cylinder subjected to external pressure, as is the case 
in a boiler tube, may have the stresses computed in a similar 
manner. The slightest deviation from the true cylindrical form, 
however, is soon increased by the pressure and failure occurs by 
the collapsing of the tube, thus rendering any calculations for 
failure by compression valueless. In these cases it is necessary 
to resort to tests to obtain collapsing pressures. The results of 
such tests will be given later. To obtain the intensity of tan- 
gential stress in a thin hollow cylinder due to a given working 
pressure, take a section of unit length. Fig. 10, and let 
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r = internal radius of cylinder, 
t = thickness of metal, 
p = intensity of internal pressure, 
/ = intensity of hoop tension, assumed constant across 
the section. 

The pressure acting within the upper half of the cylinder tends 

to cause a separation on the horizontal plane and is resisted by 

the stresses in the material on this 
plane. While all pressures within the 
cyUnder act normally, the sum of the 
vertical components of all such forces 
will be equal in magnitude to the re- 
sultant force on the plane abed. The 
latter is equal to 2 rp, and is resisted 
by the stresses on the two sections 
of the material, each of which is ftj 
assimiing the metal so thin that the 
stress is uniformly distributed. The 

stress / may be taken as the maximum stress, although it is in 

reality slightly less than the maximum. 




Fig. 10. 



Equating, 
and 



or 



2rp = 2ft, 
. _pr 



_PT 



(11) 



Where it is necessary to use a longitudinal joint whose efficiency 
is e, the equation becomes 






(12) 



The plot. Fig. 11, has been constructed for a ready determi- 
nation of thicknesses as obtained from equation (12). /is taken 
as 55,000 T- 6 = 11,000 poimds per square inch. To use the 
plot, follow the horizontal line corresponding to the efficiency of 
the joint to its intersection with the curve corresponding to the 
cylinder diameter. Rise vertically to the line of the desired in- 
ternal pressure. Read the thickness of plate corresponding at the 
left. 
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CYLINDRICAL. SHELL THICKNESSES 

Fia. 11. 
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Problem. 

Find the necessary thickness of shell for a 72 inch boiler, 150 lbs. per sq. 
in. pressure, having a joint with an efficiency of 88 per cent. 
From plot i =* 0.556 in. Use A inch. 

The thickness necessary to withstand the pressure on the ends 
of the cylinder may be computed by considering a transverse 
cross section. The total load imposed upon the section is Trt^p. 
The resisting stress is 2 Ttrft, very nearly. 

VT 

Hence, ^^21 
or f = ^ (13) 

This equation is the same as that obtained for thin hollow spheres. 
With a given thickness of shell the value of the hoop tension is 
twice that of the longitudinal tension. Hence, a girth seam 
joint of more than one-half the eflSciency of the longitudinal joint 
will render the vessel safe against rupture in this direction. 
The true intensity of hoop tension, /true, is equal to 

•^ 3 2^3 

Therefore /tmo = if (nearly), / being large compared with p. 
Hence, designs based on the apparent stress are on the safe side. 
It must be borne in mind, however, that where the principal 
stresses are of opposite kinds, the true stress exceeds the ap- 
parent stress, and should be used in design. As an example of 
such a case, consider a stand-pipe, where the normal stress on a 
vertical longitudinal section is tension due to liquid pressure, and 
the stress on a horizontal transverse section is compression. 
Then the maximum intensity of true stress is, /true = fi + ifi 
where /i and /2 are the principal stresses with /i larger than /2, 
and /true is tension or compression according as /i is tension or 
compression. 

18. Thick Hollow Cylinder. — There are two assumptions 
used in determining equations for the stress in thick cylinders. 
The simpler one, due to Barlow, is that the area of a transverse 
cross section remains a constant whatever the internal and ex- 
ternal pressures may be. The other, developed by Lam6, is that 
the longitudinal tensile stress and longitudinal elongation are 
constant for all points in the cylinder. The latter assumption is 
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the more exact, but the Barlow equation gives results on the safe 
side in all cases, as is seen by the plot, Fig. 13. It is necessary 
in both cases to assume the length of the cylinder large com- 
pared with the outside diameter, in order that the influence of 
the ends shall not affect the reasoning. 

Deduction of stress equation on first assumption. 

Referring to Fig. 12. 

Let ri = internal radius of cylin- 
der before pressure is 
applied. 

rj = external radius of cylin- 
der before pressure is 
applied. 

pi = intensity of internal pres- 
sure. 

p% = intensityof external pres- 
sure. 

/i = intensity of hoop tension 
at inner surface. 

/2 = intensity of hoop tension 
at outer surface. 

Xi = increase in n after pres- 
sure is applied. 

X2 = increase in rj after pressure is applied. 

Area of transverse cross section, before applying pressure 

T(ri^-r,^) (14) 

Area of transverse cross section, after applying pressure 

^ [(ra + X2)2 - (n -h a:i)2]. . . . 

By assumption (14) = (15). 

Therefore, r^^ — ri^ = ri^ + 2 r^ + a^^ — ri^ — 2 Xiri — x^. 

Neglecting the terms x^ and Xi^, since they are extremely small 
and appear in the equation with opposite signs 

riX2 = riXi, 

or — = — 

Unit strain in the internal circumference will equal 

2tc {ri + x ^ — 2irri _ Xi 

2 Tfi ~ fi 




Fig. 12. 



(15) 



(16) 
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Similarly for the external circumference the imit strain will equal 

Hence, 

Strain at inne r circumferen ce ___ r\ _fi 
Strain at outer circumference x^ f^' 

/i ^ XxTt ^ r^ 
fi xan r^' 

or the hoop tensions vary inversely as the squares of the dis- 
tances of the fibres from the center of the cylinder. Professor 
Goodman, in a series of experiments, found the stresses over a 
cross section to vary very closely as given by this relation. If / 
is the intensity of hoop tension at any point in the cross section 
at a distance r from the center of the cylinder, the total stress, P 
over the cross section for unit length of section will be 



but, as shown above. 



-£'*■■ 






Therefore, P = /ir,« P^- 

= /.n - /. ^* 

Applying the conditions of equilibrium to the half shell of unit 
length, and neglecting pz as small compared with pi, 

2ripi = 2P, 



Pin 



.M{i-n) 



f,.j^.m (17) 

ra — n t 

This equation is identical with that obtained for a thin shell, 
except that the outside radius is used in place of the inside radius. 
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It is to be noted that this expression is for the apparent stress, 
and not for the true stress. 

The deduction of the stress equation under the second or Lam6 
assumption is entirely analogous to that already given for thick 
hollow spheres. Therefore, only the results will be given here. 
The pressure on the outside of the cylinder is assumed to be zero. 
Then /i, the apparent maximum intensity of hoop tension at the 
inner surface, is given by the equation 

^ Mr^ + r^) , (18) 

For the outer surface, 

. 2 pin^ 

An equation involving thickness may be obtained from equation 
(18) as follows: 

/i ^ n^ + n^ 

Pi T2^ - r^ 
By composition and division, 

/i + Pi^2r2^ 
/i-pi 2ri2' 



-ny/^ 



Vi 



Pi 

Subtracting n from both sides, 

Hence, ,.„[y|±a-l]. 



When the external pressure, p2, is not neglected the general stress 
equation is 

This equation for apparent stress was modified by Clavarino, 
who obtained an equation for the true stress. 



Pin^ - piVz^ + -~- (pi - P2) 

/ zTi:^. • . . (19) 



4riV; 



2 



2 



Pin^ - P2r2* + —^— (pi - P2) 

^''"^ 3 W - n') ' 

or when r = ri and P2 = 0, 

_ pi (4 rj' + 2 n^) . . 

^^'^ " 3 W - n') ^^ 
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Another modification of Lamp's formula is that due to Birnie, 
and is applicable where the longitudinal tension is zero, as in the 
case of a shrink or force fit. Then 

2piri2 - 2v^r^ + ^^'(pi - P2) 

/ ^ L 

•'''"• 3 {j^ - ri*) 

or, when r = n and ps = 0, 



. __ Pi (4 T^ + 2 ri^) 



(21) 



The plot, Fig. 13, has been drawn for the comparison of results 
as obtained from equations (17), (18), (20) and (21) and to present 
a ready means of solution of problems on thick cylinders. Re- 
sults as obtained from equation (11) for thin cylinders are also 
given to show the limitations of the assumption of uniformly 

distributed stress. Values of the ratio ~, that is allowable fibre 

Pi 

stress to internal pressure, are plotted as ordinates on values of 

the ratio — as abscissse. It is to be noted that for ratios of — 
n Pi 

greater than 10, that is when the thickness is less than ^ the in- 
side radius, the equation for thin cylinders gives results in very 
close agreement with those of the more complex theories. It 
gives, indeed, thicknesses which are greater than those obtained 

from the formula of Clavarino for all values of — greater than 6. 

Pi 

When the internal pressure is more than one-third of the allow- 
able working fibre stress, the Lam^ formula appears to give re- 
sults on the unsafe side, that is the apparent stress is less than 
the true stress. The choice of a factor of safety and of a stress 
formula affects the resulting thickness of shell very materially 
where the internal pressure is more than four-tenths of the allow- 
able working stress. For example, a cast iron cylinder 5 inches 
inside radius, subjected to 2000 pounds per square inch internal 
pressure, would have a thickness of 2.83 ins., using the Lam6 
formula, a tensile strength of 19,000 lbs. per sq. in. and a factor of 
safety of 4. The same cylinder would have a thickness of 5.51 ins., 
when calculated with the Barlow formula and a factor of 5. The 

thickness approaches infinity as — approaches one, in the Barlow 
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and Lam6 formulae, and as this ratio approaches one and one- 
third in the Clavarino and Bimie formulae. 



[ Problems. 



(1) Find the necessary thickness of a cylinder 10 inches inside diameter 
subjected to an internal fluid pressure of 6000 pounds per square inch. 
Material, steel casting, ft » 60,000 pounds per sq. inch. Factor of safety, 5. 

/, 12,000 



pi 6,000 



= 2. 



From plot (Clavarino) - = 0.872. 

« = 5 X 0.872 = 4.36 ins. 
Lam6 curve gives i = 3.66 ins. 

Barlow curve gives i = 5.00 ins. 

(2) Find the allowable pressure in a hydraulic main 4 inches in diameter 
and 1 inch thick, if the stress is not to exceed 5000 pounds per square inch. 

ri 2* 

From Clavarino curve — = 2.66, 

Pi 

Pi = —^ = 1880 lbs. per sq. inch, 
or using Barlow curve pi = 1670 lbs. per sq. inch. 

19. Cylinders Under External Pressixre. — Theoretical for- 
mulae for the stresses in cylinders subjected to external pressure 
are of little value, since such cylinders will collapse before the 
compressive strength of the material is reached. Especially is 
this true where the cylinders are thin and long compared with 
the diameter. Practical examples of cylinders so stressed are the 
furnace flues and tubes of boilers. The stress equation for thin 
cylinders is obtained as in the case of internal pressure, 

/-? - v-'4 (22, 

where / = mean intensity of compressive stress, sensibly equal 

to the maximum, 
p = intensity of external pressure, 
r = external radius, 
d = external diameter, 
i = thickness of metal. 

Theoretical discussions by Professor A. E. H. Love, Grashof, and 

others show the collapsing pressure to vary as [ -7) . However, 

experiments show clearly that the collapsing pressure for short 
tubes is not independent of the length but increases as the length 
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decreases for tubes in which the ratio of length to diameter is 
comparatively small. For a given tube diameter a length is 
reached such that the collapsing pressure is unaffected by a further 
increase in length. This is called the critical length and will be 
taken as six diameters although recent experiments * tend to show 
that it is somewhat greater and that the following formulae give 
low collapsing pressures. 

For lengths less than six diameters tests by Sir W. Fairbaim 
and Professor R. T. Stewart suggest the equation, for inch units 

where the constant C as determined from the experiments is 
11,600,000. With a factor of safety of 4 

PworUing = 2,900,000 ^-J^ (23) 

The furnaces of boilers, while falling within this limit of length to 
diameter, are made so strong against collapse by corrugations 
that practical formulae of the form 

Pworkio,= cJ (24) 

are in general use, the constant varying from 10,000 to 18,000. 
If the length is greater than six diameters the collapsing pressure 

is a function of -i only. The following values are given by Pro- 
fessor Carman as the results of a large number of experiments 
and are virtually the same as those obtained by Professor R. T. 
Stewart from the tests on over 500 boiler tubes. 

(a) Tubes for values of ^ < 0.025. 

Brass p = 25,150,000 (^Y (25) 

Cold drawn seamless steel p == 50,200,000 (X) . . (26) 

(6) Tubes for values of ^ > 0.03. 

Brass p = 93,365^ -2474 (27) 

Cold drawn seamless steel p = 95,520^-2090. . (28) 

Lap-welded steel p = 83,270 ^ - 1025 (29) 

* The Mechanical Engineer, Oct. 16, 1914. 
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(c) Tubes where -% > 0.02 < 0.06 covering all common diam- 
eters and thicknesses of boiler tubes. 

Cold drawn seamless steel p = 1,000,000 f^j . . (30) 

Lap-welded steel p = 1,250,000 Q (31) 

The stress equation for thick cylinders subjected to external 
pressure only may be obtained from equation (19) by substi- 
tuting pi = and r = n, giving 

1—^' '■^ 

the minus sign indicating compression. 

Where the thickness is not more than one-tenth of the radius, 
equation (22) may be used without appreciable error. 

20. Spherical Heads. — When possible, cylindrical pressure 
vessels should be supplied with " dished " or " bumped " heads in 
order to avoid the staying necessary with flat ends. It is recom- 
mended, however, that the ends of all cylinders more than 60 ins. in 
diameter be stayed. These ends are ordinarily spherical segments, 
and the stresses are calculated by means of the formula for thin 

spheres, viz.: / = ^ or P = — > where r is the radius of the 

sphere, and p is the pressure on the concave side. Thus it may 
be seen that where the stress in the end is to be the same as 
that in the cylindrical shell with the same thickness in both cases, 
the radius of the sphere should be twice that of the cylinder. 
When the pressure is on the convex side of the head, federal and 
state rules require that the allowable pressure p shall not ex- 
ceed from six- to eight-tenths of that given above. 

When the rise of segment h is known, it can readily be shown 

that r = -^-^-7 — , where n is the radius of the cylindrical shell. 

Hence, by substitution, the equation for allowable pressure 
becomes 

P = -^^ (34) 
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in which n is the radius of the cylindrical shell. While the above 
fonnuiie are those ordinarily used in connection with dished 
heads, they are far from satisfactory and should only be em- 
ployed in connection with a large factor of safety. 

Stresses in the flange of the head are very severe, but they do 
not admit of a ready analysis. While they occur at a place of 
considerable inherent strength due to the joint and the flanging 
of the head, nevertheless, grooving and severe local bending 
stresses at the sharp curvature cause cracks and ultimate rupture 
at this point. Experimental determinations of the strains in the 




STRESSES 
STEAM DRUM 



steam drum of a Babeock and Wilcox boiler have been made by 
Professors S. H. Barraclough and A. J. Gibson and reported in 
the "Proceedii^ of the Engineering Association of New South 
Wales," 1910-1911. The accompanying cut, Fig. 14, is taken 
from their report. The section CC is located 15 ins. from the nearer 
ring seam. Their investigation was primarily to obtain the stresses 
in the vicinity of the lap joints, but strains in the flange of the 
head were also measured. Strain measurements were taken at 
frequent intervals on transverse and horizontal planes by means 
of mirrors. Both change of length and change of curvature were 
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determined. In Fig. 14, "deduced" surface stresses, that is, 
strains multiplied by a constant (modulus of elasticity) have been 
plotted perpendicular to the plate, tensions being denoted by 
dotted and compressions by full lines. The stresses shown in 
the spherical segment of the head are conjectural, no strains hav- 
ing been measured in this portion. The variation of stress in the 
vicinity of the single-riveted lap joint is in accord with the usual 
inferences on this point. The stresses in the flange of the head 
show a decided bending action with large tensions (11,000 pounds 
per square inch) on the inside fibres, and compression on the out- 
side fibres. Inasmuch as this is the point at which grooving and 
rupture take place, the fallacy of using the formula for the thick- 
ness of thin spheres, which does not apply to this portion of the 
head, is apparent. The tensile stress mentioned above is three 
times that which would have been obtained with the thin sphere 
formula under the same conditions. The following formula is pro- 
posed for the thickness of dished heads, 

VT 

^"9000-lOOr' ^^^^ 

where i = thickness of head in inches. 

p = pressure in pounds per square inch, 
r = radius of the cylindrical shell in inches. 

This formula is intended to apply where the head is dished to a 
radius equal to the diameter of the shell, and with steel plate of 
60,000 pounds per square inch tensile strength. It embodies an 
apparent factor of safety var>ang from 7.5 on cylinders 5 inches 
in diameter, to 10 on cylinders 5 feet in diameter. In the light 
of the experiments alluded to above it is probable that the true 
factor of safety for heads calculated by the above formula is in 
the vicinity of five or six. 

When the pressure is on the convex side of the head, thick- 
nesses at least one and two-thirds those given by the above formula 
are recommended. The plot, Fig. 15, affords a ready means of 
obtaining the thickness of the head when the diameter of the shell 
and the internal pressure are known. The thickness for a con- 
cave head may be read directly at the left of the plot, and for a 
convex head by following the abscissa for the thickness of the cor- 
responding concave head to its intersection with line AA and read- 
ing the desired thickness at the top of the plot. 
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It must be borne in mind that the corrosive action of the con- 
tents of the tank has much to do with the final thickness of metal 
used in the heads. The plot gives the theoretical thickness 
necessary to confine the corresponding pressure. In small cylin- 
ders it is frequently best to assume a minimum thickness of head 
sufficient to withstand safely the corrosion, and at the same time 
to permit the ready working of the metal to shape. This practi- 
cal limit will often exceed the theoretical thickness given by the 
plot. 

21. Flat Plates. — The deduction of formulae for determining 
the stresses in flat plates supported at their edges and loaded by 
forces perpendicular to their flat faces forms one of the most 
difficult chapters in the theory of elasticity. The equations most 
widely quoted are those of Grashof * deduced from the equation 
of the elastic curve and giving the maximum true stress, that is 
the stress corresponding with the strain. Bach adopts equa- 
tions of the same form, but determines his constants experi- 
mentally. 

The following cases will be considered: 

Case 7. Circular plates. 

(fc). Uniform load, supported at edges. Fig. 16. 
(I) Uniform load, fixed at edges. Fig. 17. 

(0) Uniform load, free at edges and supported at center by a 

circle of radiums ro. Fig. 18. 

(x) Load P, distribvied over a circle of radium ro, supported 

at edges. Fig. 19. 
(y) Load P, distribiUed over a circle of radium ro, fixed at 

edges. Fig. 20. 

Case II. EUiptical plates. 

(fc) Uniform had, supported at edges. Fig. 21. 

(1) Uniform load, fixed at edges. Fig. 22. 

(x) Load P, distributed over a circle of radius ro, supported 

at edges. Fig. 23. 
(y) Load P, distributed over a circle of radius ro, fixed at 

edges. Fig. ^. 



* (( 



Theorie der Elastizitat und Festigkelt/' 1878, page 329 et seq. 
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Case III. Rectangular plates. 

(k) Uniform load, supported ai edges. 

(Z) Uniform load, fixed at edges. Fig. 25. 

(x) Load Pj distribiUed over a circle of radius ro, supported 

at edges, 
(y) Load P, distributed over a circle of radius ro, fixed at 

edges. Fig. 26. 

Case IV. Square plates. 

(fc) Uniform load, supported ai edges. 

(l) Uniform had, fixed at edges. Fig. 27. 

(x) Load P, distributed over a circle of radius ro, supported 

ai edges. 
(t/) Load P, distributed over a circle of radius ro, fixed ai edges. 

Fig. 28. 

Case V. Continuous plaies. 

(J) Uniform load, stayed ai a system of points. Fig. 29. 

The significance of the quantities used in the succeeding discus- 
sion, ^when not evident from the illustra- 
tions, is as follows: 

/ = intensity of apparent stress, 
/true = intensity of true stress. 

— = Poisson's ratio. 
m 

V = maximum deflection. 

E = modulus of elasticity. 

fx = experimental constant. 



Case I. Circular plates. 

(k) Uniform load., supported at 
edges. Fig. 16. 

3 (m - 1) (3 m + 1) pr^ 

t^ 




Fig. 16. 



J true — o 



m* 



For m = 3, 



/true — 



5pr^ 
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or 



V 6 hr.: 



6 /true 



V = TT^TTi 



The maximum apparent stress is 

3/ 3m+l \prg 
^ S\ m ) /2- 

For m = 3, 






(36) 
(37) 



(38) 



which is larger than the true stress since the apparent stresses at 
right angles in the plate are of the same kind. 
Bach gives 



/=M 



e ' 



(39) 



where /i is an experimental constant varying from 0.8 to 1.2 for 
cast iron and slightly smaller for mild steel. 



Case I, CircuLar plates. 

(Z) Uniform had, fixed at edges. Fig. 17. 

In this case the largest stresses are 
those in a radial direction at the circum- 
ference, 

. _ 3 / m^ - 1 \ pr^ 

Jtrue — T ' " ' 



4V m2 J t^ 



or, for m = 3, 



_2pr^ 



t 



^ 3 /true 



(40) 



The stress at the center is one-half of 
the above. 







Fig. 17. 



(41) 



72 



BOILERS AND PRESSURE VESSELS 



The maximum apparent stress is at the circumference. 



/ = 



_3pr2 



4^2 



t 



V 4 f 



At the center 



J O *2 



2l* 



(42) 



(43) 



(44) 



The general rules of the Board of Supervising Inspectors give, 
for unstayed wrought iron or steel flat heads not exceeding 20 
inches in diameter, an equation for the allowable working pressure 

512 cP 

V == 2 ' 

where c is 112 for plates -1''^ inch and under in thickness, and 120 
for plates more than /^ inch thick. 

Using c = 112, the above formula corresponds to a fibre stress 
of 15,200 pounds per square inch in the theoretical formula for a 
supported plate and 12,200 pounds per square inch for a plate 

fixed at the edges. 




Case I. Circular plates, 

(0) Uniform load, free at edges, and 
supported at center by a circle 
of radius ro. Fig, 18. 



pr* 



(46) 



FiQ. 18. (j^j^ J Circular plates, 

(x) Load P, distribvied over a circle of radius ro, supported 
at edges. Fig, 19. 



/true 

or, for m = 3, 



3 /m^-l\/, r , m \P 



Max. /true = ^Ulog.^+lj. (47) 
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To facilitate the use of the above equation the following values 



of / for the ratios — shown are given: 



10 



20 



30 



/ 4.07^, 4.99^ 

For small values of — 

r 



5.53 



ir«* 



40 
5.92^ 



50 



6.22 



IT? 



V = 



5Pr» 



The maximum apparent stress is 



(48) 



(49) 



With the above equation as ro approaches 
zero the stress approaches an infinite 
value. This is overcome by Bach, whose 
equation is of the form 

3mP 




Fig. 19. 



Max./ = 



irt^ 



(-1?) 



or 



-v^FMI---- 



(50) 



(51) 



For To = these equations become 

ZtxP 



/ = 



ir<« 



t 



-H 



I^P 



(62) 
(53) 



In general it, the experimental constant, may be taken 1.5, in 
which case 

'-m-p:) <«' 

This equation is to be used when Tq is approximately 0.1 r, which 
agrees well with the theoretical formula, equations (47) and (54) 
being equal for a ratio of ro to r of 0.089. Bach states that for 
larger values of ro, the coefficient should be decreased which is 
also in accord with formula (47). 
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Case I. Circular plates. 

(y) Load P, distribiUed over a circle of radius ro, fixed at 

edges. Fig, 20. 

The stress at the center will be greater 
than that at the edges for all values of ro 
less than \ r, which cases only are con- 
sidered. 

. 3P/m2-l\, r 




For m = 3, 



4P r 

Max. /true = «— s l0g« - . 

O TTl To 



ro 



(55) 



For small values of - , 



Fig. 20. 



V = 



2Pf_ 

3 -kEI^ ' 



(56) 



To facilitate the use of equation (55) the following values of / 



corresponding to the ratios — shown are given: 

ro 



L 
ro 



10 



20 



30 



P P P 

f 3.07 i^ 3.99 -V3 4.53 -V, 

^r irt^ Trr 

The stress is less in each case than the 
corresponding one with the plate sup- 
ported at the edges, as is to be ex- 
pected. 

Ca^e II, Elliptical plates, 

(fc) Uniform load, supported at 
edges. Fig. 21. 

Let a = major axis. 

b = minor axis. 

Horizontal flexural stresses are great- 
est in a direction parallel to the niinor 
axis, tests* of such plates developing 
cracks along the major axis. 



40 



50 

p 
5-22^, 




Fig. 21. 



Bach, "Elastizitat und Festigkeit," page 620, Figs. 3 and 4. 
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■^ 2 



or 



a«6« 




^=2(i^l)^^'y''^"'y ^^^^ 



Bach used a ratio of r = s aJid found 

J 



''°8 



hence 



^^ 16f?^^+y) ^""^^^°°- (^^^ 



For wrought iron and steel use 



■^ " 2 (V + &") 



(59) 




FiQ. 22. 



Case 77. EUiptical plates. 

(I) Uniform load, fixed at edges. Fig. 22. 

Use equation (57) with constants such that 

3 a^h'^p 



/ = 



8^2 (a2 + 62) 



for cast iron 



(60) 



and 



/ = n.A'^f 9 ■ Lo\ for wrought iron and steel. (61) 
9 t\a^ + tr) 



Case II. Elliptical plates. 

(x) and (y) Load P, distribiUed over a circle of radius ro, 
. the plate having more or less fixedness at the edges. 
Figs. 23 and 24. 



/ 8 



(«+*©"+'©* 



IT 



\ 



©■ 



3 + 2 - +3 



bP 
bVlae' 




• . 



(62) 



where /* varies from J to ^ depending upon the degree of fixedness 
at the circumference. The former quantity applies to the case 
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of plates rigidly fixed at the edges, and the latter to those sup- 
ported only. The radius Vq must be small and the load essentially 
concentrated. 





Fig. 23. 



FiQ. 24. 



Case III. Rectangular plates. 

(fc) and (I) Uniform load, the plaie having more or kss 
I fixedness at the edges. Fig. 26. 



Relying upon the experimental work 
of Bach to determine the values of the 
constant in an equation of the form 




^ 2VaH 



\6^ 

+ W t^ 



(63) 



Fig. 25. 



fi may be taken from | to i, depend- 
ing upon the degree of fixedness at 
the edges, the former value corre- 
sponding to entire flexibility and the 
latter to a good degree of rigidity. 



Case III. RedangvXar plates. 

{x) and (y) Load P, distributed over a circle of radius ro, 
the plate having more or less fixedness at the edges. 
Fig. 26. 



.3j.(_ab_\P 



where 



/i = If to 2. 
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Here again the lesser value applies to cases of rigidity and the 
greater to those of flexibility. 



I 



'///////////////////y 



\ k is^o 



if 



I i 



////////// V//////// 



\ 





Fig. 26. 



Fig. 27. 



Cflwe lY. Square plates, 

(k) and (I) Uniform load, the plale having more or less fixed- 
ness at the edges. Fig. 27. 

From the equation given in Ca^e III (fc), for flexible edges, 



^ S2t^ 



(65) 



And similarly from Case III (J), for fixed edges, 

(66) 



^ IQt^' 



mzm^mm 



g 



Case lY. Sqware plates. 

(x) and (y) Load P, distributed 
over a circle of radius r©, the 
plaie having more or less 
fixedness at the edges. 
Fig. 28. 

These cases are special ones under 
the general discussion of rectangular 
plates given above. Applying formula 
(64), for edges merely supported, 









! 



-^ 



*<•! 



9 „ i 

Mmmm 



I 




Fig. 28. 



/ = 1.50 (^) 



(67) 
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and for fixed edges, 



/=l-3l(^) (68) 



Case V, Continuous plates. 

(l) Uniform load, stayed at a system of points. Fig. 29. 

The problem of a continuous flat plate 
supported at a series of points, usually 
pitched on rectangles or squares, is an 
extremely important one. A theoretical 
discussion of this case is given by Gras- 
hof in which it is assumed that any strip 
connecting two adjacent rows of rivets 
is in the condition of a beam fixed at 
the ends. The stress corresponding with 
the maximum strain is found to be in- 
determinate when a is not equal to b, 
Fig. 29. When a is equal to 6 







T T 
Fig. 29. 



TTT 



'true 






t« 



TaMng m = 3. 



Max { -2"*P 



o = y/ 



\ 



57! 



(69) 



which is intermediate between the values given for square plates 
as determined from experiment, i.e., Case IV {k) and (Z) given 
above. 

Experimental data on stayed fl^t plates, covering 59 tests in 10 
different sets of experiments, have been carefully sunmiarized by 
Mr. C. E. Stromeyer *. He concluded that "no matter what the 
mode of staying may be, the pressure at which the first perma- 
nent set takes place in plate of 60,000 pounds per square inch 
tenacity is found by the equation" 



p = 



Z)2 



♦ The Engineer, March 13, 1914. Engineering, Feb. 6, 1914. 
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D is the diameter of the largest circle which can be inscribed in- 
side of the stays, and t is the thickness of plate in sixteenths 
of an inch. With t expressed in inches 

170,700^2 
P= i)2 (70) 

A comparison of this formula with the theoretical formula, 
assuming D^ = 2 a^, will show a value of / = 19,000 lbs. per 
sq. in., which is low for the elastic limit of wrought iron or steel 
plate. This is partly due to the assumption D* = 2 a^ as i)^ is 
always less than 2a\ As an example, assume 1 inch rivets, 
spaced 6 inches on centers, a* = 36, D^ = 56.03, hence D^ = 
1.556 a^ and the equations show / to have a value of 24,400 lbs. 
per sq. in., which is a conservative value for the elastic limit. 
Where the ratio of diameter of stay to distance on centers is less 
than one-quarter, equation (70) will show a small factor of safety 
on an elastic limit of 28,000 lbs. per sq. in. 

The Board of Supervising Inspectors' rule for stayed flat plates 

("all stayed surfaces formed to a curve the radius of which is 

256 C? 
over 21 inches ") is p = — > where a is the greatest pitch of 

stays, and C is a constant varying from 112 to 200, the smaller 
value being for screw stays with riveted heads. Comparing this 
with the theoretical formula (69) the smaller constant, 112, is 
found to correspond to a working fibre stress of 6370 lbs. per sq. 
in., and the larger one, 200, to a fibre stress of 11,400 lbs. per sq. 
in. The form of the equation in the Massachusetts Boiler Rules 
is such that it does not admit of a ready comparison with formula 
(69). It may be said, however, that for ordinary pressures and 
thickness of plates the results agree very closely for working fibre 
stresses of from 5000 to 5500 lbs. per sq. in. 

22. Helical Seams. — It has been shown, page 58, that in the 
case of a thin cylindrical shell subjected to internal pressure the 
apparent stress on a longitudinal cross section is twice that on a 
transverse cross section. These planes being principal planes (see 
page 51) one stress is a maximum, the other a minimum. There- 
fore, the stress on any inclined plane will be less than that on a 
longitudinal section, hence, for a given pressure, an inclined joint 
need not have as high an efficiency as would be required were the 
joint arranged longitudinally. This has given rise to the produc- 
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EQUIVALENT EFFfCIENCY 
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tion of helically riveted joints on cylindrical shells, especially 
where the diameter is small and the length comparatively large as 
in the case of pipes. For large diameters and short lengths, as in 
steam boilers, inclined joints have not come into favor, due to the 
necessary loss of plate. While the resultant stress is not normal 
to the center line of the joint, there being a component of shear on 
this plane, it is customary to use the resultant stress in calculating 
the efficiency of the joint. From equation (1) at the opening of 
this chapter, the stress on any inclined joint may be found. 
Let 6 = angle inclined joint makes with longitudinal joint. 

Then pr = IpJ" cos* S + fe)^sin2 ^T 

= H4 Px' (1 - sin2 0) + pjt sin2^]i 

= ^'(4-3 8in2^)» (71) 

To facilitate the solution of problems involving the use of 
equation (71), two plots. Figs. 30A and SOB, have been prepared. 
From the former may be read the efficiency of an inclined joint 
necessary to make the seam as strong as the solid plate, that is, 
to correspond to a longitudinal joint of 100 per cent efficiency. 
Fig. SOB is similar to 30A, but is somewhat more general in its 
application. From it may be found the corresponding efficiencies 
of an inclined joint and a longitudinal joint, for equal strength, 
when the angle between the joints is known. Concrete examples 
will best illustrate the use of the plots. 

Problem 1. Find the required efficiency of a helical joint making an angle 
of 75° with the axis of the shell if the joint is to make the cylinder the equiva- 
lent of one without a seam. 

From the plot, Fig. 30A, it is found that for 75°, an efficiency of 54.8 per 
cent will give a helical seam of maximum efficiency. 

Problem 2. In an air tank it is desired to use a joint of 54 per cent effi- 
ciency. The angle of inclination of the joint is 26°. To what efficiency of 
longitudinal joint does this correspond? 

Interpolating the plot, Fig. 30B, it is found that for 26° and 54 per cent 
efficiency of inclined joint, the efficiency of longitudinal joint is 58.5 per cent. 

Helically riveted pipe is on the market * in sizes from 3 inches 
to 42 inches diameter, and thicknesses varying from 0.0375 inch to 

♦ American Spiral Pipe Works. 
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0.1406 inch for standard pipe. Three widths of strips are used, 
viz., 9, 12 and ISJ inches, with laps varying from 1 J to If inches. 
With these dimensions, in all cases except the 3 and 4 inch pipes, 
the full strength of the pipe may be obtained with a joint of less 
than 60 per cent efficiency, which is readily obtained with a single- 
riveted lap joint. This increase of effectiveness of the joint 
when inclined may be taken advantage of in patching cylindrical 
shells, the joints being inclined rather than longitudinal. 



CHAPTER III. 

FASTENINGS BY RIVETED JOINTS. 

23. Rivets. — The rivet constitutes the simplest form of fasten- 
ing. It consists essentially of a permanent bolt, bead, nut and 
body forming one piece. When once set in place it cannot be 
removed except by chipping off the head. Bolts and screws are 
usually arranged to hold their loads by axial tension. Owing to 
the flexibility in rivet heads, such fastenings are not considered 
wholly reliable when subjected to tension. Hence, when possible, 
rivets are set to bear their loads by shear. In some cases, such 
as the staying of the walls of certain pressure vessels, a small 
amount of flexibility is desirable to accommodate expansion and 
contraction. The rivet under such conditions is well adapted to 
hold a tensile load. 

Rivets are, hot-pressed to shape from round bar stock. The 
shank is sometimes slightly tapered near its end to facilitate its 
entrance into the hole. One head and the shank are finished at 
the time of manufacture though the shape of the head may be 
altered later, due to the method of driving the rivet. For ease in 
placing rivets in position, their shanks are made one-sixteenth 
inch less in diameter than that of the holes they are to fill. When 
well set, however, they are assumed to fill the holes entirely. 
Therefore the actual diameter used in calculation, and that speci- 
fied on design drawings, is the driven or hole diameter. 

24. Driving Rivets. — Rivets may be set when either hot or 

cold, depending upon the character of the work and the rivet 

material. Small and unimportant rivets may be set when cold 

provided they are made of soft, ductile metal which will not be 

injured by rough treatment. Large and important work, however, 

is practically always finished by shrinking hot rivets to place 

under intense pressure. When setting field-driven rivets and 

working on repairs, a portable hand forge, using screened coke or 

coal, is generally employed to heat the rivets to a bright red. 

For permanent use in the shop a petroleum or gas oven is best 
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adapted. Great care must be exercised to avoid over-heating 
and burning the rivets. If left in the fire to "soak'* at full heat 
for long periods, the character of the rivet material is changed 
and its strength greatly reduced. 

In general there are three methods of finishing the work: 

(a) Hand riveting; 

(6) Machine riveting; 

(c) Pneumatic riveting. 
The importance and accessibiUty of the work together with the 
appliances at hand generally determine which method shall be 
used. 

(a) Hand Riveting. — The hot rivet, after insertion in the hole, 
is held in place by a boiler-maker's anvil securely braced against 
some other part of the structure. Workmen striking alternating 
blows with hand hammers beat the head to approximately the 
correct form. A cupping tool, or "snap,'' containing a cavity of 
the exact contour desired for the driven rivet head, is placed over 
the partially finished work and given a few sharp blows with a 
sledge hammer. This gives the head the final shape and finish. 
There is always more or less lack of uniformity in hand-riveted 
work owing to differences in the heat and in the time spent in 
driving successive rivets. The skill of the workman has also 
much to do with the strength of such seams. With a faithful 
and skilful performance of the task the results, however, are very 
good. Owing to the increasing expense of hand-driven riveting, 
this method is seldom used at present. In rapid repair work 
and in some isolated localities where other methods are not possi- 
ble, the hand-driven rivet is occasionally employed. Naturally the 
impact of the hammers and cupping tool tends to injure thin 
shells, and care must be taken that the anvil or "holder-on" is 
well braced against the rivet while it is being driven. 

(b) Machine Riveting. — For machine riveting the inserted 
rivet is brought while red hot into Une with the plunger of a steam 
or hydraulic press. Dies, carried by the plunger, are capable of 
exerting a pressure varying, with the size of the rivet, from twenty- 
five to one hundred and fifty tons. The rivet heads are thus accu- 
rately forced to form, the pressure being held upon them for a 
brief interval while cooling. A jet of water is arranged to play 
upon the rivet as soon as set and thus hasten its contraction. 
After having cooled to blackness the pressure is removed and con- 
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sequently the rivet grips the plate with great intensity. Ma- 
chine-driven rivets, when set in an accurate manner, show great 
evenness and uniformity of strength. 

(c) Pneumatic Riveting. — A pneumatic riveting hammer con- 
sists of a vibrating air piston carrying the rivet die or "snap." 
The hot rivet, inserted in its hole, is held in place by a pneumatic 
anvil or holder-on. The latter consists of a heavy air piston and 
cylinder connected to pneumatic pressure. When braced against 
some solid portion of the work and subjected to air pressure this 
anvil holds the hot rivet securely in place. The pneumatic ham- 
mer is then brought to bear upon the protruding rivet shank and 
beats the head to shape before cooling. Many otherwise inacces- 
sible places can be reached by the pneumatic riveter, and where 
the jar of the piston is not injurious to the work, excellent results 
are obtained. 

Rivets set while hot grip the plates with great force due to their 
contraction upon cooling. Very long rivets, especially when 
formed of certain alloys, may contract to such a degree as to over- 
strain themselves upon cooling. Care must be taken to heat 
such rivets to dull redness only before driving. Sometimes the 
driven end only is heated. To a reasonable degree rivet contrac- 
tion is desirable in order to keep the seam from leaking and to 
produce friction between the plates forming the joint. 

25. Rivet Heads. — While there is no exact agreement 
among rivet manufacturers or users as to the standard shape of 
rivet heads. Figs. 31 to 40 inclusive show the usual proportions 
in terms of the actual or undriven diameter. The particular 
form of the rivet head for a given case is determined by the pur- 
pose for which the joint is intended. When the riveting is designed 
merely to resist rupture, as for instance in the members of a roof 
truss, heads of smaller size and containing less material can safely 
be used. On the other hand when the seam must not only sus- 
tain severe stresses but be staunch enough to confine fluid pressure 
as well, heads of greater stiffness and amplitude must be used. 
Figs. 31, 32, 33 and 34 show the proportions of heads generally 
used in pressure work, as their width and depth would indicate. 
The cone head. Fig. 31, is the usual one pressed upon commercial 
rivets as they come from the manufacturers. In hand-riveted 
work this head appears on the under side of the seam. Fig. 32 
illustrates the usual form of hand-driven rivet head. The straight 
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CONC 

Fig. 31. 



Fig. 32. 



lj0->| 



PRESSURE 

Fig. 33. 




INTERNATIONAL CNGINCCRINa CO. 

Fig. 34. 



BUTTON 

Fig. 35. 



FULL COUNTERSUNK 

Fig. 36. 




FLAT COUNTERSUNK 

Fig. 37. 



SWEL4. NECK 

Fig. 38. 




STRAIGHT NECK 

Fig. 39. 
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elope of its sides can be accurately fashioned with a hand hammer. 
The thin edges render it too flexible for heavy pressures and the 
sharp point is liable to bum oflf when used in externally-fired 
boilers. The type most widely used in machine riveting is shown 
in Fig. 33. Its large diameter and staunch sides commend it for 
pressure use. A special head very deep and stifif, used by the 
International Engineering Company in their boiler shop, is illus- 
trated by Fig. 34. The usual form of structural head appears 

TABLE I. 
PROPORTIONS OF STANDARD RIVET HEADS. 



Figure. 


Type. 


Volume of one 

head in terms of 

actual or undriven 

shank diameter. 

Cu. ins. 


Length of rivet shank 

necessary to join plates of 

total thickness T. 

Ins. 


31 
32 
33 
34 
35 
36 
37 


Cone 

Steeple 

Pressure 

Inter. Eng. Co.. 

Button 

Full countersunk 

Flat countersunk 

Swell neck 

Straight neck. .. 
Flat 


1.279 Z>» 
1.178 />« 
1.080Z>» 
1.323 Z)» 
1.268 D* 
0.203 Z>» 


T + ^'^^' + l.eSD 
T + ^^^'^ + l.&dD 

r + ^'^^ + i.6iD 

r + ^^^^ + 0.73P + 0.15 
T + ^'^?^^ + 0A7D + 0.1S 


38 
39 
40 


0.901 Z>» 
0.901 Z>» 
1.202 Z>» 


T + ^^^'^ + l.lSD 

T + 1.15D . 

r + J^'' + 1.53i> 



in Fig. 35. Often the room for the head is restricted due to other 
parts of the machine or structure. In such cases the full- or flat- 
countersunk heads of Figs. 36 and 37 have to be used. When 
rivets are subjected to excessive vibration, tending to crack the 
shanks just underneath the heads, a conical enlargement is added 
where the shank and head join as shown in Fig. 38. Sometimes 
a rivet is designed to fit accurately a drilled hole all the way 
through and to be riveted into a collar or washer at the other 
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end. In such cases the straight shanked rivet of Fig. 39 would 
be used, no clearance being allowed between the rivet and hole. 
The flat head of Fig. 40 is used in close quarters where there is no 
external heat to bum off the sharp comers. 

It is necessary to be familiar with the general proportions of 
rivet heads in order to judge accurately of the possibility of setting 
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VOLUME OF RIVET HEADS 

Fig. 41. 

them in places where room is a minimum. Allowance must 
usually be made for heads approximately twice the diameter of 
the driven rivet shank. An occasional rivet head may be gouged 
away with a cold chisel to permit the assembling of successive 
portions of the machine or structure. 

In calculating the weight of riveted work it is sometimes ad- 
visable to include the weight of the rivet heads. Table I gives 
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TOTAL THICKNESS OF PLATES JOINED - INS. 

ALLOWANCE FOR RIVET HEADS 

Fig. 42. 
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the volume of the various rivet heads in terms of the actual or 
undriven shank diameter. By considering the holes in the plate 
to be completely filled by the rivet shanks after driving, and 
adding the extra volume contained in the heads, a very close 
approximation to the correct weight may be reached. The 
volume given in the table corresponds in every case to that which 
extends outside the surface of the plate and does not therefore 
include the tapering portion of a countersunk head. The curves 
of Fig. 41 give the plotted values of rivet head volumes in cubic 
inches for various diameters of shank and for the several forms 
shown in the previous illustration. 

In ordering rivets for use in various thicknesses of seam, care 
must be taken that the shank protrudes far enough beyond the 
surface of the plate before riveting to give sufficient stock for 
forming the head. In the last column of Table I is given the 
approximate length of shank necessary for the above purpose. 
This takes into account the volume necessary to fill the clearance, 
^V hi-> around the rivet as well as to form the head, where the total 
thickness of the plates joined is represented by T. Since these 
expressions are somewhat cumbersome to apply, the plot. Fig. 42, 
has been worked out to represent the length of rivet shank neces- 
sary in riveting through a total thickness of plate T, the assump- 
tion being that a full type of head is to be used corresponding to a 
volume of 1.3 D^. If extra fullness is desired in the head, the 
next eighth or quarter inch above that given by the plot should 
be selected. 

26. Holes. — The holes for receiving rivets are generally 
punched cold. Since but one thickness of plate can be punched 
at a time the holes in the two or more thicknesses to be riveted 
together rarely come in correct register. The drift pin has often 
to be called into use in such work to get the rivets into place prior 
to riveting. A still greater objection to this method is the lessen- 
ing of the tensile strength of the metal around the holes, due to 
injury from punching. In thick plates especially, the pressure of 
the punch, combined with the difference in diameter of punch 
and die, causes a lateral flow of metal resulting in jagged-edged 
holes. The burr left by the punch greatly reduces the holding 
power of the rivets also. While the use of a helical punch produc- 
ing a progressive shear around the hole lessens the injury some- 
what, extensive tests have shown that the loss in tensile strength 
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between holes due to punching is about 12 per cent. For the 
above reasons cold-punched holes in their natural condition are 
now seldom used for boiler work. In the best classes of marine 
work it is required by law that all rivet holes shall be drilled 
from the solid metal. 

27. Preparing Rivet Holes. — The injury done to the plate 
by punching holes may be partially remedied in two ways: 

(a) Annealing; 

(b) Reaming the holes. 

A thorough annealing after punching will restore in large measure 
the plate strength. The rough holes, however, are still severe in 
their action upon the rivets. It is generally impracticable to anneal 
portions of large sheets merely for the sake of the rivet holes. A 
more effective method is to drill or ream out the punched holes to 
size, thus removing the rough edges as well as the adjacent dis- 
torted plate. It is perfectly possible to ream several thicknesses of 
plate at once and thus secure a correct alignment of all the holes. 
After punching and bending the plates to shape, the tank or 
boiler may be assembled and all the rivet holes reamed in place. 
In the case of plates J in. and less in thickness, the punched hole 
is made J in. less in diameter than the hole desired after reaming. 
For T^ in. plates and above, the punch must be J in. less in diameter 
than the finished hole, under Massachusetts Boiler Rules. When 
punched holes are so treated the strength of the metal between 
them is unimpaired. In very careful work the plates are taken 
apart after reaming and the burrs around the holes upon both 
surfaces removed by a special countersink. 

28. Classes of Riveted Work. — Riveted work may be 
divided into three broad classes according to its use: 

(a) Structural work; 

(b) Boiler and tank work; 

(c) Hull riveting. 

In structural work the holding power of the rivets, generally in 
shear but occasionally in tension, is the prime essential. In boiler 
work, besides the holding power of rivets as fastenings, the joints 
must embody a good degree of staunchness in order to be proof 
against leakage. In hull work the question of leakage presents 
but little difficulty, due to the low fluid pressures under consider- 
ation, while strength and durability are the chief requisites. 
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29. Calking. — Riveted work as it comes from the machine 
is never proof against leakage, but must be calked tight. For 
this reason riveted plates are always given a certain overlap. 
The distance of the rivet center back from the edge of the plate is 
governed by conditions of staunchness quite as much as of strength. 
There must be metal enough ahead of the rivets in all cases to 
prevent them from rupturing the lap. At the same time the lap 
must be a proper one to facilitate calking to tightness. The 
action of calking is represented by Fig. 43. The flat-ended tool 
shown above, actuated either by hand or pneumatic hammer, 
gives the lap edge a preliminary beating down and leaves a thin 
sharp edge. A second tool having a narrower end is then sub- 




mm^. 



ACTION OF CALKING TOOLS 
FlQ. 43. 

stituted for the previous one and this edge is driven back beneath 
the upper plate. In driving back the edge to tightness the upper 
plate is severely sprung up and reacts against the lower one after the 
manner of a deflected cantilever, with suflicient intensity to keep 
the fluid pressure from passing the calked edge. Very frequently 
the careless use of calking tools with sharp corners cuts into the 
lower plate to a degree suflicient to cause injury. Great care 
should be taken that the operation of the calking tool is confined 
to its legitimate place at the edge of the upper sheet. 

The passage of the pneumatic calking tool over a seam should 
be steady and continuous. To secure the best results the distance 
between rivets on calked edges should be kept uniform, all the 
pitches of plate being calked therefore with equal tightness. It 
is very diflicult to calk around sharp rectangular corners, the 
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action of the tool along one side of the angle serving to open the 
other side. Such corners, therefore, should be chipped to a radius 
of three-fourths of an inch or more. The calking tool if held 
normal to this curve when passing around the comer will secure 
uniform tightness. When the outside cover plates of butt-joints 
are thinned and widened at their ends to facilitate their insertion 
under external courses at the ring seams of cylindrical shells, the 
irregular comers resulting should be chipped to a concave of about 
one inch radius. The passage of the calking tool along the edge 
of the outside cover plate and around the concave will merge 
without interruption into the ring seam and produce tight work. 

30. Lap Limits. — To be proof against leakage the lap acting 
like a deflected cantilever must react against the lower plate. Fig. 43, 
with an intensity of pressure greater than that of the fluid within. 
Tests have shown that while there are areas under the rivet heads 
where the fluid pressure does not penetrate, in general the calked 
edge itself, especially in new work, is the final barrier to leakage. 
It is perfectly evident, therefore, that short laps and rivets close 
together render the calking easy, while large pitches and long 
laps, due to continuous springing back, render the process difficult. 
On the other hand small laps are liable to fail by bursting out, 
while large ones remove all danger in this direction. A satis- 
factory method of designing laps, when considered from both of 
the above standpoints, will be given later. 

31. Test Pressure. — Boilers and closed tanks are ordinarily 
calked to tightness under cold-water test pressure equal to one 
and one-half times the working pressure, as was noted under the 
Massachusetts State Rules in Chapter I. Usually the outside 
seams only are calked. In marine boilers and other very care- 
fully riveted vessels, a preliminary calking is given to the inside 
laps. Absolute tightness is finally secured, however, by calking 
on the outside. 

32. Friction between Plates. — The question of friction be- 
tween plates is regarded with varying degrees of importance. 
American designers for the most part recognize its presence and 
desirability in enhancing the holding power of riveted joints but 
doubt its value as a basis for calculation. European writers, how- 
ever, have held this feature in much higher esteem and have gone 
so far as to base a theory of joint design upon the intensity of 
the friction between plates. Inasmuch as it is known that joints 
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slip or "take up" a little, while in use, it seems hardly possible 
that friction between plates can be relied upon as a holding power 
in joints. When plates are new and clean there is considerable 
sUp discernible in the testing machine long before the working 
load of the joint is reached. An extended series of tests upon the 
holding power of riveted joints due to friction was made at the 
U. S. Arsenal at Watertown, Mass., in 1882. These tests show 
a wide variation in results depending upon the condition of the 
plate surfaces, but in all cases indicate considerable slippage at 
loads constituting but a fraction of the ultimate strength. 

33. Riveted Joint Failures. — Riveted joints may give way 
in either of four different ways: 

(a) Tearing of the plate; 

(6) Failure of the rivets; 

(c) Tearing of plate and rivet failure combined; 

(d) Lap rupture. 

As will be explained later the design of the lap will be carried out 
in such a way as to remove at the outset all possibility of the 
failure (d). Hence the first three failures are the only ones to be 
considered in the design of joints. Before making an application 
to any specific joint, the above failures will be discussed in the 
abstract. 

(a) Tearing of the Plate. — The most usual method of failure 
is by tensile rupture between rivet holes accompanied by a dis- 
tortion of the joint due to bending. In some forms of joints the 
fluid confined within may so corrode the plate as to reduce its 
thickness and thereby render it still more liable to tear. In other 
joints an inside cover plate protects the main plate between rivet 
holes from corrosion. Such a cover 
plate is always made much thicker 
than is necessary for the strength 
of the joint alone, in order to pro- • 
vide plenty of metal to resist cor- 
rosion. Fig. 44 shows the simplest 
formof joint, called a single-riveted ^ ^ .^^^^^ 

, . . : T 1. . ^1 -x aiNOLC HIVCTCO LAP JOIKT 

lap jomt. In discussmg the resist- _ 

ance to failure for any joint an ele- 
mentary portion called a "repeating section" must first be chosen. 
Thus, in Fig. 44, if the portion mn be repeated indefinitely, any 
length of joint may be obtained and whatever is true of the por- 
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tion mn will be true of the whole joint. With the significance 
of the letters shown in the figure and ft, the tensile strength of 
the plate, the resistance to tearing on the line between rivet holes 
will be, for the section mn, 

If the distance between rivets is small the actual fibre stress 
per square inch at failure will considerably exceed the usual 
tensile strength ft, on account of the necked or grooved specimen 
to which the metal between rivets is equivalent. The reason for 
this increase in tensile strength on the rivet line is due to the rein- 
forcing action which the adjacent portions of plate exert upon the 
reduced sections between holes. In some cases this enhance- 
ment of value may reach from 10 to 25 per cent. While it is 
certain that this very desirable effect is present in all joints to a 
more or less degree, the advantage thus gained is rather to be 
relied upon to compensate for the injury due to punching than to 
be considered as so much net increase in strength. It is not 
customary, therefore, to make any allowance for grooved speci- 
men effect in riveted joints. Complicated joints with large pitches 
do not participate very greatly in tliis gain in strength, while in 
simple unimportant ones, with rivets close together, the reverse 
is true. Therefore, whatever gain there is, shows itself where least 
needed. 





FAILURE BY SINOLC ftHEAR OOUBLC SHEAR JOINT 

Fig. 45. Fig. 46. 



failure by crushing 
Fig. 47. 



(6) Rivet Failures, — The second method of failure in riveted 
joints consists in the destruction of the rivets. If the rivets are 
small in diameter and of soft material, while the boiler plate is 
thick and hard in texture, stress on the joint of Fig. 45 may result 
in shearing the rivet at the line where the plates touch. The two 
portions of the rivet so sheared are separated sharply and smoothly. 
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Neither the rivet shank nor the surrounding plate suffers much 
distortion by the operation. The load at which this failure would 
take place is represented by the expression 

«. = ?/. 

where /, equals the shearing strength of the rivet material. 

Sometimes rivets are so located in a joint as to shear upon two 
sections at once. Fig. 46 represents a joint where the main plates 
abut against one another, and two cover plates or "butt straps'' 
provide the connection. In case of the rivets shearing, two sec- 
tions of each rivet would be ruptured simultaneously. The 
theoretical resistance to this failure is 

fi« = "2" /«• 

Another quite different manner of rivet failure is produced 
by excessive bearing pressure. Imagine the rivet large in diameter 
and the plate comparatively thin. An increasing load upon the 
joint will cause a distortion of the rivet hole, as shown in Fig. 47, 
fatally impairing the holding power of the rivet. The crushing 
of the rivet and plate is generally mutual, namely, both plate 
and rivet are severely distorted by the action. This failure is 
generally made evident by the slippage of one plate upon the 
other, rendering the joint unfit to hold its load or to confine fluid 
pressure. Even though the ultimate destruction of the joint may 
result in shearing the rivets, the fundamental failure would have 
to be attributed to excessive bearing pressure between rivet and 
plate. It is difficult to analyze the distribution of load between a 
round rivet shank and the plate ahead of it. For this reason 
bearing pressures are calculated per unit of projected area. The 
projected area of the plate ahead of the rivet equals eft, and this, 
multiplied by the mutual crushing strength /c of the rivet and 
plate as determined from tests under similar conditions, gives 
the total resistance. The resistance to failure of this kind may 
then be expressed as 

Re = dtfc. 

Many tests have been made to determine the relation between 
the values of /, for single and double shearing under practical con- 
ditions. Single-shear tests have generally been made upon joints 
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similar to Fig. 44. As will be pointed out later such joints tend 
to straighten out under a load, with the result that considerable 
tension comes on the rivets. In double-shear tests, upon joints 
similar to Fig. 46, the rivets are suitably located to receive their 
loads without distortion. The friction between plates also tends 
to increase the load necessary to shear the rivets. It would seem, 
therefore, that the strength of a rivet in double shear ought to be 
at least twice as much as in single. In many tests along this line 
the rivets were so large and the consequent bearing pressure so 
great, that failure should have been attributed to crushing rather 
than to double shearing. Even though the rivets were finally 
dragged apart at a low figure in double shear, the real failure was 
due to excessive bearing pressure. Before crushing was recog- 
nized as a rivet failure, various Boards of Inspection and Insurance 
arbitrarily fixed the value of double shear as less than twice single 
shear in order to keep the bearing pressure upon the rivets suflS- 
ciently low. Such is the case at present in the Massachusetts 
Boiler Rules. It appears much the more logical way to assume 
that double shear is twice single shear and then to give careful 
attention to the bearing pressure as a separate item. 

A series of tests made upon the Government Testing Machine 
at the U. S. Arsenal, Watertown, Mass., throws some light upon 
the question of the relative strength of rivets in single and double 
shear. The tests are reported in " Tests of Metals, " 1882 and 1886. 
The average shearing strength of the rivets in nineteen single- 
shear joints was 39,480 lbs. per sq. in. Under identical conditions, 
thirty-two double-shear joints showed an average rivet strength 
of 39,040 lbs. per sq. in. The joints were entirely comparable in 
every respect and the same grade of soft rivet iron was used 
throughout. From these tests it would appear that the shearing 
strength per square inch may be taken the same in single and 
double shear. 

(c) Combined Rivet and Plate Failure, — In most complicated 
joints with several rows of rivets, there is liability to failure con- 
sisting of tearing the plate upon one line accompanied by the 
destruction of the rivets upon another. The mathematical form 
of the resistance to this failure varies so widely with the type of 
the joint that no general expression for it can be given. The 
expression consists of the tearing strength of the plate added to 
the rivet failures necessary to permit the tearing to take place. 
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(d) Lap Failure. — A fourth method of failure for riveted joints 
is by lap rupture. With very thin plate a rivet may be imagined 
to plow its way to the lap edge, aa shown at & in Fig. 48, removing 
the plate in front of it by shear. As a matter of fact with practical 
sizes this rarely happens. The way 
in which lap rupture ordinarily oc- 
curs is represented by a, Fig. 48. 
The metal ahead of each rivet ia 
loaded by the tension in the joint failuhb 

much after the manner of a minute 



i fi^"H"^r^ " 



Fig. 48. 

beam. The failure of the lap shows 

a typical beam rupture by breaking on the lower or tension side 
near the center. 

Fig. 49 illustrates the appearance of a riveted-joint specimen 
after the laps had been ruptured. This joint is one of a series 



Fig. 49. 

tested in 1898 by Messrs. Wilder & Wesson in the laboratories 
of the Massachusetts Institute of Technology. The appearance 
of the ruptured laps is very significant. The edge opened under 
the rivets in a manner entirely similar to the rupture of a beam and, 
if the test could have been stopped at that point, the method of 
failure would have been still more evident. Furthermore, the load 
at rupture corresponded very closely with that derived from cal- 
culating the laps as beams. 

A method of lap design will later be explained, having the 
beam theory for its basis. The amount of lap is lat^ely under 
the control of the designer and if the former is properly deter- 
mined, this method of failure may be entirely eliminated from the 
joint, as was previously stated. Frequently the lap is arbi- 
trarily assumed to be one and one-half times the driven rivet 
diameter. 
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34. Arrangemeiits of Rivets. — When several rows of rivets 

are used in lap joints the rivets may be arranged in either of two 

ways: 

(a) Chain riveting; 

(6) Staggered riveting. 

If one rivet is placed directly behind the other, as shown in 
Fig. 50, the joint is designated as chain riveted. This method is 
generally used in structural work. When, however, fluid pressure 
is to be confined, as well as great strength secured, the rivets 
should be disposed as shown in Fig. 51. This is called staggered 
riveting, and greatly enhances the value of the joint as a means 
of holding fluid pressure. In order to make the calculation of the 
joint as definite as possible, the tearing of the plate should take 
place along a horizontal rivet line such as n rather than upon the 
oblique lines 8 and 8. It has been well established by experiment 
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Fig. 50. Fig. 5L 

that if 30 per cent more tearing area is placed on the oblique lines 
8 and 8 than on n, the rupture will be confined to the line n. 
Therefore the approximate relation 

8 + 8 _ 4 

n ""3 

should be observed in arranging the rivets in staggered rows. 
Taking the significance of the letters suggested in Fig. 52, where pd 
equals the slanting or diagonal pitch, and observing the above 
relation, 

Pd = l{P'-d)+d 

2p + d 

3 

Then h, the distance between rows, will be 

'-v/(^T-(i)' ™ 
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9TA«OeREO RIVET SR^CINO 
FlQ. 52. 



Often the work may be done more expeditiously by using the fol- 
lowing graphical solution. Divide the net metal ab between rivet 
holes, in a horizontal direction. Fig. 
52, into three equal parts. Taking 
a radius consisting of a rivet diam- 
eter plus } (p — d), strike from each 
rivet center arcs intersecting at g. 
The distance h between ab and g will 
be the required distance between 
rows. 

36. Rivet Diameters. — Before 
taking up the design of any par- 
ticular joint it is necessary to make 
a careful study of rivet failures. It was noted under the sub- 
ject of joint failures that the destruction of a rivet might be 
accomplished in either of two ways, namely, by shearing or 
crushing. The two general expressions for rivet failure may be 
written: 

/. When rivet shears, Resistance = -j-/« 

//. When rivet crushes. Resistance == dtfc 

Assembling the constants, for a given plate thickness, and denoting 
them by C\ and €%, these expressions become 

7. Shearing Resistance = CicP 
II. Crushing Resistance = Cjd 

It is evident, therefore, that the shearing resistance of a rivet 
varies with the square of its diameter, while its crushing strength 
varies with the first power. A plot bf shearing and crushing 
strengths with increasing diameters will show a curved line of 
paraboUc character for the shearing and an inclined straight line 
for the crushing strength. 

In Fig. 53 the curve Oa, a parabola upon the axis OA, represents 
the increase in shearing strength of one rivet section as the diam- 
eter increases. In the same manner the curve 06 represents the 
increase in double-shearing strength, as the diameter increases. 
The straight lines Oc, Og, etc., show the increase in crushing 
strength for various plale thicknesses as the diameter increases. 
At points such as e, where the crushing and shearing Unes 
intersect, the strength of the rivet is the same for either method 
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of failure. Thus in J in. plate a steel rivet 0.679 in. in diameter is 
equally liable to fail by shearing or crushing. To find this crit- 
ical diameter numerically, the shearing and crushing strengths of 
a rivet in J in. plate should be equated: 

Then ^/. = (UU 
or d = ^^ (73) 

From laboratory experiments upon riveted joints with steel and 
iron rivets the following values have been deduced: 

ft = 45,000 lbs. per sq. in. for steel rivets; 

ft = 38,000 lbs. per sq. in. for iron rivets; 

fe = 96,000 lbs. per sq. in. of projected area for steel 

or iron rivets in steel plates; 
ft = 55,000 lbs. per sq. in. for steel plate. 

o u j,'^ ^' J 4 (i) 96,000 ^ ^.^ . 

Substitutmg, a = . *' ' ^^^ = 0.679 ms. 

It is evident from the plot that a rivet smaller in diameter than 
this critical size is Uable to fail by shearing while one larger is 
weaker in its resistance to crushing. Hence, when the critical 
diameter is determined for a given thickness of plate, the method 
of failure of the rivets used may be predicted by reference to the 
curves of Fig. 53. A concrete example of values read from Fig. 53 
will make the matter clearer. 

Problem. 

Detennine the resistances to single shearing and crushing for steel rivets 
having diameters of f in., 0.849 in., and 1 in., when used in plate ^ in., 
thick. 

Diameter of rivet j in 0.849 in 1 in. 

Resistance to single shearing. . . . 19,900 25,400 35,300 

Resistance to crushing 22,500 25,400 30,000 

Any steel rivet, therefore, selected for use in /^ in. plate, if less 
than 0.849 in. in diameter is Uable to fail by shearing, and if 
larger, by excessive bearing pressure. 

To render comparison with proposed rivet diameters more 
exact the following table of numerical sizes is inserted. Table II 
is the mathematical equivalent of the plots shown in Fig. 53. 
Inasmuch as soft wrought iron rivets are still used in some 
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classes of riveted work, the table has been extended to include 
their critical diameters as well. 

TABLE II. 
CRITICAL RIVET DIAMETERS. 





Steel rivet diameters. 


Iron rivet diameters. 


Plate 


* 




thickness. 










Ins. 


Single shear. 


Double shear. 


Single shear. 


Double shear. 




Ins. 


Ins. 


Ins. 


Ins. 


i 


0.679 


0.340 


0.804 


0.402 


A 


0.849 


0.424 


1.005 


0.503 


i 


1.019 


0.509 


1.206 


0.603 


A 


1.188 


0.594 


1.407 


0.704 


i 


1.358 


0.679 


1.608 


0.804 


A 


1.628 


0.764 


1.809 


0.905 


' 


1.698 


0.849 


2.010 


1.005 


H 


1.867 


0.934 


2.211 


1.106 


i . 
1 


2.037 


1.019 


2.412 


1.206 




2.207 


1.104 


2.613 


1.307 


■ 


2.377 


1.188 


2.815 


1.407 


a 


2.547 


1.274 


3.016 


1.508 


1 


2.716 


1.358 


3.217 


1.608 



As a summary of the above discussion the following statement 
may be made: 

For each thickness of plate there is a critical diameter of rivet equally 
strong far shearing and crushing. Rivets smaller than the critical 
diameter fail by shearing and those larger by crushing. 

36. Types of Riveted Joints. — Before proceeding to the 
design of riveted joints in regard to pitch values it is well to take 

a brief view of various forms of 
joints and their characteristics. 
Single-riveted Lap Joints, — 
"" Fig. 54 represents a single-riv- 
eted lap joint. It consists merely 
of overlapping plates held to- 
gether by one row of rivets. 
When exposed to tension in the 
direction of the arrows there is 
present a severe tendency to distort the joint in the manner 
shown. This action may be more or less relieved by bending 
the plates to the distorted form before riveting, but in the latter 
case the rivets are exposed to considerable tension as well as 
shearing. The bending action tends to open the laps along cc, 




SINGLE RIVETED LAP JOINT 
FlQ. 54. 
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producing leakage, while cracks in the plate are liable to start 
where the bending action is most severe. 

The variation of stress in joints of this type is well illustrated 
by the experiments of Profs. Gibson and Barraclough to which 
reference was made in Fig. 14 of Chap. II. The longitudinal ten- 
sion near the ring-seams of the steam drum is entirely relieved on 
one surface of the plate by the compression due to the distortion 
of the joint. Upon the reverse surface the longitudinal tension is 
greatly increased for the same reason. The latter fact renders 
this joint unfit for use in high-pressure vessels. It is, however, 
used for girth seams in cylindrical shells where the tension is low 
and where the proximity to the fire makes it necessary to employ 
joints with but little metal in them. The fact that such joints 
form part of a circular shell greatly enhances their rigidity and 
tends to prevent the distortion described above. • With such sizes 
of rivets and plates as would ordinarily be used in tanks and 
boilers, theoretical efficiencies varying from 45 to 60 per cent may 
be secured with this form of joint. 

Double-riveted Lap Joints. — Fig. 55 shows a double-riveted 
lap joint with rivets staggered. The efficiency of this type is 
higher than that of a single-riveted 
lap joint. The same tendency to 
distortion exists as before, however, 
except that the greater width of 
joint makes possible a preliminary 
alignment of plates without sharp 
bends. It is not, therefore, so Uable ^°^^'" '^^^^^ ^^^ •'^*"^ 
to overstrain the rivets or crack the '^^' 

adjacent plate. This joint has considerable metal in it and hence 
is not adapted for girth seams over the fire. For locomotive or 
other internally-fired boilers where the outer shell is subjected 
to severe transverse stress it makes an excellent girth joint. 
Because of the tendency to distortion, it is rarely used for longi- 
tudinal joints under high pressures. With usual rivets and thick- 
nesses of plate for boiler and tank work this form of joint shows 
efficiencies varying from 60 to 75 per cent. 

Triple^riveted Lap Joints. — Fig. 56 shows overlapping plates 
secured by three rows of rivets. There is here again a slight gain 
in efficiency over the two preceding joints. The greater width 
renders it easier to bring the plates into line, with the result that 





106 BOILERS AND PRESSURE VESSELS 

there is still less bending effect than in the single- and double- 
riveted lap joints. Triple-riveted lap joints have been used for 

girth seams in very heavy loco- 
motive boilers. This joint under 
. ordinary conditions shows efficien- 
- cies varying from 65 to 84 per 
cent. 

WeU-pUUe Joints. — In order to 
TRiPLc RIVETED i>p JOINT diminish the destructive bending 

^^^* ^^" tendency in lap joints without 

reaching the increased cost and complication of butt-joints, a form 
of seam was devised some years ago called a welt-plate joint. It 
consists of a single-, double-, or triple-riveted lap joint reinforced 
on the inside by a wide cover plate. The latter serves to render 
the joint less liable to corrosion along the lines between rivet holes, 
and brings about a more central loading of the joint under tension. 
Figs. 67 and 58 show single- and double-riveted welt-plate joints. 
The cover plate is bent or welted to fit the different levels of the 
plate, hence the name. The tendency to distort is not eliminated 
since the joint is not a symmetrical one. Were the upper plate, as 
shown in the figures, to be withdrawn from the joint by the single 
shearing of the rivets, the load required would be much less than if 
the lower one were removed accompanied by the necessary double 
shears. Therefore the upper side of the joint is the weaker one 
and the design should proceed from that standpoint. These 
joints were much in use for longitudinal seams on locomotive 
boilers some years ago, but their adaptability to the purpose 
has largely passed away with increasing pressures and severer 
demands. 

The outer rivets may be placed twice as far apart as those on 
the inner rows as shown in Figs. 57 and 58; or the outer spacing 
may be once and a half the inner. Calking along the line ab may 
then be performed easily, with the small pitch there present, 
while the large outer pitch brings the efficiency of this type to a 
much higher figure than in the case of the joints shown hereto- 
fore. Under usual conditions the theoretical efficiency of this 
type of joint varies from 68 to 89 per cent. This form has been 
largely superseded by butt-joints. 

Butt-joints, — To remove effectively the tendency to distortion 
in riveted joints, the plates to be joined should lie naturally in 
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line with one another. Some form of cover plate or butt strap, 
inside and outside, should then be used to complete the joint. 
Figs. 69, 60, 61 and 62 show such types of joints. 

For medium pressures the butt straps may be narrow and of 
the same width, as shown previously in Fig. 46, on page 96. Oc- 
casionally when it is essential that these joints shall not offer 
obstruction to the circulation of water in narrow spaces, the in- 
side cover plates are omitted and the joints become single-covered 
butt-joints. Such joints consist essentially of two lap joints in 
immediate proximity to one another and are liable to the distor- 
tion which was described above. 

Where higher efficiencies are desired the inside cover may be 
made much wider than the outer. One, two and sometimes three 
rows of rivets may be used to secure the narrow outer cover plate, 
while one or two additional rows may be inserted in the extension 
of the inside cover plate. Fig. 59 shows a typical double-riveted 
butt-joint; Fig. 60 a triple-riveted butt-joint; and Fig. 61 one of 
the quadruple-riveted pattern. As in the previous joints, the 
rivets on the outer row may be spaced either once and a half or 
twice as far apart as those on the inner row. With quadruple- 
riveted joints a large number of variations in rivet arrangement 
is possible. One of these is illustrated in Fig. 62. These joints 
represent the best practice of the present time in boiler work. 
A wide range of efficiencies varying from 75 to 95 per cent may be 
secured under ordinary conditions. There are very few authentic 
instances where longitudinal boiler seams consisting of butt- 
joints have ruptured. 

The large mass of metal in all forms of longitudinal joints re- 
quires their total removal from the region of the jBre. Very wide 
cover plates on the inside of cylindrical shells may tend to stretch 
from rivet to rivet along a cord instead of following the curvature 
of the shell. When uncalked inside cover plates are thus exposed 
to steam pressure on both sides they are termed ** balanced plates, " 
and as such do not exert the same holding power that they would 
if they maintained their correct curvature. The rivet rows, 
therefore, should not be placed unduly far apart. 

In order to insure the correct curvature of the inside cover 
plate in butt-joints, the flat plate, after shearing to the correct 
size, is rolled against a heavy curved template. A series of these 
templates for various boiler diameters are usually kept on hand 
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in boiler shops. By means of this operation the correct curva- 
ture of the cover plate is established throughout its entire 
width. 

Double-sheaT Joints. — On account of 'the lack of symmetry 
of boiler joints having inside and outside cover plates of different 
widths, certain designers have recommended the us^ of double- 
shear joints aimiiar to the one shown in Fig. 63. The outside 
and inside covers are gener- 
ally of equal thickness and j 
width 80 that the hoop ten> 
aion in the shell brings a | 
central load upon the rivets. 
All the rivets are in double 
shear, whence the name. Mr. 
F. W. Dean, m the Transac- 
tions of the A.S.M.E., Vol. 
XXXI, gives a discussion of 
his reasons for usii^ this form of joint. The chief advantage 
consists of eliminating to a partial d^ree at least the uncertain 
strength due to curvature of the wide uncalked inside cover 
plate. 

There are two objections to these joints. First, the efficiency 
is low, and second, the long reaches of plate between the livets in 
the outer row are difficult to calk unless the outer cover is very 
heavy. In internally-fired boilers, where the thickness of the 
outer shell is unlimited, these joints are simple, staunch and eifec- 
tive, as their presence in most large Scotch marine boilers would 
testify. But when the use of 
' a thin shell plate is impera- 
tive, the extendedinside cover 
plate with the short calking 
I pitch and high efficiency inci- 

dent thereto represents the 
best practice. To avoid the 
long calking distance on. the 
DOUBLE AHEAfi JOINT outside cover plate, the metal 

SCALLOPED COVER PLATE ^as somctimcs been cut away 

*''«■ ^ as shown in Fig. 64. These 

scalloped edges are best shaped by the pneumatic chisel since the 
oxy-acetylene flame, if used, is liable to injure the quality of the 
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steel fonning the lap. Such joints show efficiencies varying from 
65 to 90 per cent. 

37. Calculation of Joints. — Lret the simplest joint be se- 
lected as an example for calculating the various proportions. A 

repeating section of the single- 
riveted lap joint shown in Fig. 65 
is comprised between the Unes m 
and n. With adequate laps the 
tearing of the plate and the fail- 

3IN«LC RIVCTCO LAP JO.KT ^^^ ^f ^j^^ ^^^^ ^^^^ ^^^ ^^ 

considered m this type of jomt. 
The plates joined are supposed to be of the same thickness. 
Whenever one plate is thinner than the other, the joint should be 
designed as if for the thinner plate. Writing out the resistances 
to failure for section rnn with the usual significance for /<, /, 
and fe : 

/. Resistance to tearing plate between holes = (p — d) tft 
II, Resistance to shearing one rivet = -j-/. 

///. Resistance to crushing one rivet = dtfc 

These three comprise the only ways in which this joint can 
fail. To make a perfectly designed joint the resistances to fail- 
ure should all be equal. The joint would then have an exact 
balance of strength in all its features. Therefore the above 
three equations should be solved simultaneously for values of 
p and d. 

Equating II and III 

This is the critical diameter of rivet equally liable to fail by crush- 
ing ^r shearing, and Table II, on page 104, gives a series of numer- 
ical values for this expression. Commercial rivet diameters vary 
by sixteenths of an inch, hence none of those shown in Table II 
are readily procurable. If the above theoretical rivet diameter 
could be used, I equated to II or III would yield a value for the 
pitch, and the latter would be the same from whichever equation 
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it was derived. Imagine such a rivet to be procurable and to be 
used in the joint at hand. Equating I and II 

(j> - * <f. - 'f /. 
p-^+^- w 

and equating I and III 

(p-d)tf, = dtfo 

p = d(l+^) (75) 

A numerical problem will best illustrate the above fact. 

Problem. 

Find the pitch value for a single-riveted lap joint using steel rivets of the 
critical diameter in ^^ in. plate. 
From Table II the critical diameter of rivet for ^^ in. plate is 0.S49 in. 

Taking ft = 55,000 lbs. per sq. in., 

/e = 96,000 lbs. per sq. in., 
/, = 45,000 lbs. per sq. in., 

and substituting in both equations (74) and (75), p = 2.33 ins. 

It is interesting to introduce the quantities just determined into 
the original expressions for the strength of the joint and note the 
balance of strength. Substituting these values of pitch and rivet 
diameter, together with the numerical values of /«, fe and ft, in 
the original resistances to failure, and reducing, 

/. Tearing {p - d) tft = 25,430 lbs. 

//. Shearing "^f, = 25,430 lbs. 

///. Crushing dtfc = 25,430 lbs. 

It is evident that a joint so designed is perfectly balanced in all 
its proportions, has no weak spots, and is as liable to failure in 
one way as another. Evidently the above procedure is purely 
theoretical. With conmiercial rivet sizes it is impossible to bal- 
ance all the resistances to failure even in a joint as simple as the 
one under consideration. With a rivet other than the critical 
size, the joint will no longer be equally strong in all ways. Thus, 
suppose a rivet J in. in diameter had been chosen. By reference 
to Table II it is seen that this rivet would fail by crushing. 
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Equating I and III, as before, 

(p - d) tSt = dXfc 

p-<i(i+4) 

and substituting d = | in. and /c and ft as above, the value of 

p = 2.40 ins. 

The three resistances to failure will then yield numerical values as 
follows: 

/. Tearing (p - d) tft = 26,250 lbs. 
II. Shearing -^f. = 27,050 lbs. 

///. Crushing dtfc = 26,250 lbs. 

The resistances against tearing and crushing are balanced since 
they were equated in determining the pitch, while that of shearing 
shows an excess of strength due to the large rivet chosen. Had a 
I in. rivet been chosen the manner of rivet failure would have been 
by shearing. 

Equating, therefore, I and II, with d = f in. and ft and /« as 
before, 

(p _ d) tf, = ^/. 

or p = 1.91 ins. 

And substituting this value back in the three original resistances 
to failure 

/. Tearing (p - d) tft = 19,900 lbs. 

//. Shearing^ fs = 19,900 lbs. 

///. Crushing dtfc = 22,600 lbs. 

The simple principle illustrated above of throwing two features 
of joint strength into balance, while all the others represent excess 
of strength, forms the basis of the design of riveted joints. The 
resistance to tearing partakes in a small degree of the enhanced 
strength between holes, due to grooved specimen action already 
described in Art. 33. To a much greater degree the resistances 
to rivet failure are increased by the friction between the plates. 
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The resistance to tearing then is as low as any in the joint and 
should consequently be used as a basis for determining the eflS- 
ciency of the joint and establishing its desirability as a means of 
fastening. If for some practical reason the pitch is arbitrarily 
reduced below the calculated amount, the resistance to tearing 
is still further diminished, and the eflSciency of the joint may, 
therefore, be correctly based upon it. However, if the pitch is 
arbitrarily increased beyond the cal- 
culated amount, one of the rivet 
failures becomes the least of the re- 
sistances and the efficiency should 
be based upon it. 

The pitch calculation for a double- 
riveted lap joint, Fig. 66, may be ^^^'^^-'^ ''»^"" ^^"^ -^'"^^ 
made in exactly the same manner. '^* 

The resistances to failure for the repeating section mn are as 
follows: 

/. Tearing (p — d) tfi 
II. Shearing 2 i-j-\ ft 

III, Crushing 2 dtfc 

If the joint is to unite | in. plate, the critical rivet diameter from 
Table II is d = 1.019 ins. Let a | in. rivet be chosen, and the rivet 
failure will be by shearing. The pitch formula will result from 
equating I and II or 

P = '^ + (J|>- (76) 

Had a Ij^ in. rivet been chosen, the rivet failure would have beeii 
by crushing and I = III would have yielded the pitch formula. 
Thus 

{p-d)tft = 2dtU 



-"i'+f) "" 



The numerical pitch values may be found by substituting the 
chosen rivet diameters in formulae (76) and (77) as before. It 
will be found that the gross strengths of the repeating section will 
exhibit the same relationship as under the analysis of the single- 
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riveted lap joint. Another significant fact will be noted in that 
equations (75) and (77), expressing pitch values for crushing rivets, 
are independent of the plate thickness. In other words so long 
as the chosen rivet is large enough to fail by crushing, the pitch 
which follows from its use in a given joint wiU be the same no 
matter what the thickness of plate. This fact has an important 
bearing on the question of efficiencies as taken up later. 

In summing up the foregoing it may be said that the general 
procedure in all joints is as follows: 

1° Write all possible methods by which (he joint may fail. 

2° Select a commercial size of rivet (from consideralions yet to 

be explained), 
3° By reference to Table II determine the probable method of 

failure of the chosen rivet. 
4** Equate the rivet failure to the plate failure and sobe for the 

pitch, 

38. Efficiency of Riveted Joints. — The efficiency of any joint, 
represented by V, is the ratio of its strength per repeating section 
to that of an equal length of solid plate. This ratio is usually 
expressed in per cent. In the analysis of the previous joint, where 
the pitch was calculated by the ordinary methods, the tearing 
strength was found to be the least of any in the joint. The 
remark was consequently made that it was a proper quantity on 
which to base the efficiency. The character of the tearing resist- 
ance is the simplest and most reliable of any in the list, since it is 
not involved with other resistances nor does friction between plates 
affect its value to any great extent. Therefore the efficiency of 
any joint using a pitch calculated as above will be 

p, _ Weakest Resistance __ (p — d) tft 
"" Solid Plate Strength ptft 

= 2^ • . . . . (78) 

V 

This is the general expression for the efficiency of any joint using 
the calculated pitch. If the latter is arbitrarily reduced for any 
reason, the tearing strength diminishes at the same time and 
equation (78) still represents the true efficiency. With a pitch 
greater than the calculated value, the rivet failures represent the 
lesser resistances. 
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Then in a single-riveted lap joint for shearing rivets, the pitch 

having been increased, 

vcP 



and for crushing rivets. 



V = ^ (79) 

y ^ dtfo 
Ptft 

= S^ (80) 

Pft 

For complicated joints using assumed pitches a general analysis 
of the strength must be made to discover the weakest place. The 
latter divided by the solid plate strength will then give the effi- 
ciency. 

The end tension in a cylindrical shell is theoretically but one- 
half the hoop tension. Therefore, if the ring seam has half the 
efficiency of the longitudinal joint, there will be a fair balance of 
strength. The ring seams for tanks and boilers are ordinarily 
single-riveted lap joints. The theoretical pitch for such joints, 
especially when thick plate is used, may be so small that the rivet 
heads would be too close together for practical use. It therefore 
becomes necessary to increase the pitch arbitrarily, the efficiency 
at the same time being reduced. Let the lowest desirable effi- 
ciency be represented by F(min.). Then for shearing rivets from 
equation (79), 

IT J' 



' (nan.) — 



ptft 

ircP 



U 



or p='Tr rr (81) 

y (minOyi 

and similarly for crushing rivets, 

V-v^ (82) 

y imin.) ft 

These formulae may be used in seeking the pitch of ring seams to 
give an efficiency equal to half or two-thirds that of the longi- 
tudinal joint. 

The variation in efficiency for different sizes of rivets may best 
be studied by substituting for p in formula (78) its value as ex- 
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pressed in terms of shearing or crushing rivets. The pitch for- 
mula (74) for a single-riveted lap joint, shearing rivets, was 



p = d + 



4 if. 



Substituting this value in V = 

7 = -^«^' 



dV"^^' 



4(f, + (ir/.)d ^^^ 

It is evident by inspection that this expression varies in value with 
dy the greater the value of the rivet diameter, the higher the effi- 
ciency. It is sometimes easier to discern this fact if the known 
values of t, /« and ft are inserted and reduced. In the latter case 
for steel rivets, 

^"220« + 141.4d ^^^ 

This formula is entirely equivalent to the usual efficiency formula 
(78) until the rivets reach a size sufficient to cause crushing. The 
larger the rivet, the larger the pitch and the higher the efficiency 
for shearing rivets. When crushing sizes are reached, the above 
efficiency formula (84) is no longer applicable. The pitch formula 
(75) for a single-riveted lap joint, crushing rivets, was 

7) •"~' d 
Substituting the value in V = 

dfe 
V = ^^ 

d+f 

Jt 

-/7T7. <^' 

It is evident by inspection that this expression is independent of 
the plate thickness or rivet diameter and is, therefore, the same 
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for all sizes of crushing rivets. Substituting the known values of 

/c and St 

y ^ 96,000 , . 

55,000 + 96,000 ^^ 

= 0.636 or 63.6 per cent. 

This is the uniform eflSciency of single-riveted lap joints with crush- 
ing rivets. Larger rivets give larger pitches, but the efficiency 
remains constant. The same line of procedure with the pitch 
formuke (76) and (77) for double-riveted lap joints results as fol- 
lows, for shearing rivets: 

y^ ^ (^/^)^_ (87) 



For crushing rivets, 



2tft + 7rf4 

The latter expression reduces to F = 77.7 per cent, the uniform 
efficiency of double-riveted lap joints with crushing rivets. It will 
be shown later that all forms of riveted joints present a fixed value 
for the efficiency when crushing rivets are used. 

The question of efficiencies may be sunmied up, then, by the 
following statement: 

The efficiency of any riveted jointf imng the calculated pUchf in- 
creases with an increasinQ diameter of rivets as long as the rivets shear. 
When a diameter sufficient for crushing has been reached, no farther 
increase can be secured and the effixAency is then a maximum, 

39. Factor of Safety. — Whenever the original factor of safety 
in the solid plate before riveting is known, the final factor may be 
found by multiplying the original factor by the efficiency of the 
joint used. But very often- the original factor is lost sight of, 
the reason being that a commercial thickness of plate was assumed 
differing from the theoretical. It is then generally easier to in- 
vestigate the factor independently. The factor of safety may be 
defined as the quotient obtained by dividing the strength of the 
joint at its weakest point by the load to be borne. In joints using 
the calculated pitch, it has been shown that (p — d) tft is the low- 
est resistance to failure. The hoop tension per inch of length in 
cylindrical shells is the product of the pressure by the radius, or PR, 

Then 

Factor of Safety on longitudinal joint = p J^ ^\ . (89) 
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This is evidently equivalent to the efficiency multiplied by 



tf 
the original factor of safety -j^- 




In designing shells of boilers and tanks it is well to assume a 
reasonable efficiency for the proposed longitudinal joint and to 
take this quantity into account together with the desired factor 
of safety in calculating the thickness. Whenever corrosion may 

reduce the tearing strength as shown 
in Fig. 67, the fact should be antici- 
pated by using the efifective section 
after corrosion in computing the factor 
of safety. When joints are protected 
crrtcT or corrosion , jjjgjjg cover plates allowance for 

Fig. 67. "^ . . ^ 

corrosion is unnecessary. 

Since in cylindrical shells without stays the end tension is but 

half the hoop tension, the factor of safety on ring seams will be 

as follows: 

„ . .or. . 2 {Efficiency of ring joint) tft .^. 
Factor of Safety on nng seam — ^ ^-—^ — ^^ ^-^ . (90) 

With stay rods or tubes the factor will be considerably more than 
the above expression. 

40. Selection of Rivet Diameter. — From the foregoing dis- 
cussion of pitch and efficiency it is evident that no absolute rule 
can be given for selecting the rivet size. The diameter of the 
rivet chosen for boiler joints depends upon four conditions: 

1° The rivet must he of commercial size, namely, its diameter 

must be measured in integral sixteenths. 
2° The pitch which follows from the selected rivet size must not 

be so great as to permit leakage after calking, 
3° The rivet should be such as to secure a maximum efficiency 

for the joint, namely, it should be a crushing rivet if 

possible. 
4° The rivet mu^t be within the capacity of the riveting machine 

as regards pressure when driving. 

41. Limiting Pitches. — The question of limiting pitches has 
been the subject of much controversy and experiment. Since 
very few boiler joints are calked on the inside, it is fair to assume 
that the steam pressure enters the joint when new to the exter- 
nally calked edge. While the tightness of the rivets, due to con- 
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traction upon cooling, keeps the fluid pressure from leaking around 
their heads, it is certain from experiment that the fluid enters 
between the plates under their heads to a considerable extent. It 
may be assumed, as the worst possible case, that there is uniform 
fluid pressure throughout the joint as far as the calked edge will 
permit. Such a condition for a single-riveted lap joint is repre- 
sented in an exaggerated form by Fig. 68. The calked edge ab 
is the final barrier to leakage 
and the area of plate abce be- •• — P 

tween rivets is approximately ""1^ — 5"7i^ — si 
in the condition of a beam 
fixed in direction at the ends 
and uniformly loaded. The 
assumption of fixed direction 
at the ends is warranted by 
the continuity of the boiler 
plate, and the tightness of 
hold which the rivets obtain 
by contraction. 

In this form of joint the plate exposed to fluid pressure is two 
laps wide. The usual rule that the lap is ^d would make the 
hyi)othetical beam width 3d. Its length may be assumed to 
extend from surface to surface of rivet shank, a distance (p — d), 
Fig. 68. Since the underlapped plate is exposed to pressure upon 
both sides, it will not show any deflection. The overlapped plate 
will bulge slightly under pressure as shown in the lower view. 
The usual formula for the deflection at the center of a beam fixed 
in direction at the ends and uniformly loaded is 
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FiQ. 68. 



Vo = 



WP 



3MEI 

The significance of the letters is as follows: 

Vo = deflection at center of beam. 
TT = total load distributed over the beam. 
I = length of beam. 

E = modulus of elasticity of beam material. 
/ = moment of inertia of section of beam about neutral axis. 

Applying the above formula to the conditions expressed in Fig. 
68, the following significance is evident: 



/ = 
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Vo = greatest allowable deflection at cent«r of pitch consistent 

with tightness. 
F = working pressure, lbs. per sq. in. 
} F = usual test pressure, lbs. per sq. in. 
W = total load on beam area abce when exposed to test pres- 
sure, lbs. 
= iF(p-d)(3d)lbs. 
= I Fd (p - d) lbs. 
I — (jp — d) ins. 

E = 28,000,000 lbs. per sq. in. for steel plate. 
ZdJ? 
12 

4' 

Then «. = l^^(P-^(P-^', 

384 B(f) 

3F(p-d)« ,.,, 

«'• "' -= 64V (91) 

If now the maximum deflection is calculated in joints having 
pitches which may be considered large and near the Umit, such 
deflections should form a fair basis for estimating the tightness of 
other joints. In this manner the deflection in well-designed joints 
has been found to approach 0.00035 in. at the center of the pitch 
length. 

The maximum value of plate deflection between rivets consistent 
with tightness forms the subject of a series of tests made in 1895 
by Mr. F. A. Park in the laboratories of the Massachusetts In- 
stitute of Technology. By means of very careful micrometer 
measurements, he found that the permissible bulging of the plate 
between rivets at the time leakage first appeared, lay in the region 
of 0.0004 in. It will, therefore, be assumed that a well-calked 
lap will permit a calculated deflection of 0.00035 in. at the center 
of the pitch length without leakage. Substituting this quantity 
and solving for values of (p — d)j equation (91) becomes 



J //64 (28,000,000) (0.00035) i^ 

p-d = V ^ 



= 21.38 y/^ 



or = 21.38 Vt^ (92) 
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At the end of the present chapter is given a set of tables showing 
the maximum allowable pitch along calked rows, based on the 
above discussion. 

Whenever the fea^bility of using a certain pitch is in question, 
a comparison of the proposed value with those jpvea in Table XXIIl 
will afford a safe criterion of calkabiUty. 

As was pointed out in a previous paragraph, crushing rivets give 
maximum efficiencies. Whenever consistent with tightness, there- 
fore, it is best to select such diameters. Ordinarily hydraulic 
riveters will set rivets up to IJ ins. in diameter in a satisfactory 
manner. To be fully convinced that the selection of a rivet diam- 
eter is the best possible one it must be viewed from the four stand- 
points given above. When the maximum efficiency has been 
obtained, it is often best still further to increase the rivet diameter 
if the calking pitch will permit, in order to obtain larger pitches 
and, consequently, a less number of rivets in a given length of 
seam. 

42. Method for Complicated Joints. — The double-riveted 
butt-joint with extended inside cover plate shown in Fig. 69 will 
be used to illustrate the general 
method of procedure for compli- 
cated joints. Similar methods 
may be pursued for other types. 
In the joint chosen each cover 
plate bears approximately half 
the load. To avoid unneces- 
sary complication, the sum of 

the cover plate thickness is oou^'JJ'rl'™ 

made considerably greater than „ „_ 

the boiler plate thickness. 

Therefore, the cover plates, even after corrosion, will never tear. 
In the following analysis of the joint, a method will be shown 
for calculating the least allowable cover plate thickness. Very' 
frequently, in boiler work, both covers are made -^ in. less in 
thickness than the main plate. Whenever there is difficulty in 
calking the outer cover to tightness, the thickness of the latter 
may be made equal to or yj in. greater than that of the main 
plate. For convenience a repeating section ab will be so chosen 
as to embrace one pitch lei^h of plate on the outer row of 
rivets. The resistances to failure will be taken up, first, in regard 
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to tearing the plate, and second, from the standpoint of rivet 
failure. 

/. Tearing on line ab. 
Resistance = (p — d) tft 

This is the simplest and most reUable of all the resistances. For 
this reason it is kept the lowest and is later made the basis of the 
eflSciency calculation. A well-designed joint should have the other 
resistances, working inward, in a gradually increasing scale of 
value. 

//. Tearing on line ce combined with shearing or crashing the 
ovter rivet on line ab. 

For shearing rivets, 

tcP 
(a) Resistance = (p — 2 d) (f* + -t-/« 

For crushing rivets. 

(6) Resistance = (p — 2 d) ^/i + dtife 

Inasmuch as there are more holes on the inner Une than the outer, 
there will be less plate strength on Une ce, hence tearing on the 
inner row must be investigated. The extended inside cover plate 
provides a secure reinforcement against tearing on ce by the 
holding power of the rivet at ab. Before the boiler plate can be 
torn at ce, the holding power of the outer rivet must evidently 
be destroyed by shearing or crushing. Since the outer rivet joins 
plates of two different thicknesses, the crushing will take place 
against the thinner one. Therefore, ti is used in II (6). 

Sometimes an additional row of rivets is inserted in the narrow 
cover plate making a triple-riveted butt-joint, Fig. 60, on page 107. 
It may be noted that tearing upon the inmost line of rivets is never 
liable to occur. The tearing areas of plate per repeating section on 
lines ce and fg are equal. Before tearing can take place on fg, all 
the rivets outside of that line must be destroyed. Manifestly the 
inmost row presents a large excess of strength over the two outer 
ones and no additional knowledge will be gained by including its 
strength in the Ust of resistances to failure. 

Next, rivet failures will be considered. 

III. The rivets may all shear. 
Resistance = 5 (-t-)/« 
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Two of the rivets are in double shear and one in single. In this 
discussion double shear will be taken equal to twice single shear, 
for reasons previously stated. 

IV. The rivets may dU crush. 
Resistance = 2 dtfc + dtifc 

The inner rivets receive the full bearing pressure of the boiler plate 
while the outer one, joining as it does a thin cover to a thick plate, 
would be the more severely stressed by the thin plate. Hence 
the crushing of the outer rivet will take place against the plate of 
thickness h as in II (6). 

V. The rivets on the inner row may crush arid those on the outer 

row shear. 

(o) Resistance — 2 dtfe + -rf» 

This manner of failure is worthy of consideration, because of the 
difference in the conditions surrounding the two lines of rivets. 
The inner rivets, securely held by the cover plates, are in good con- 
dition to crush, while the outer ones may very probably shear. 
In certain forms of welt joints, Figs. 57 and 58, on page 107, the 
manner of failure is just the reverse, that is, the inner rivets shear 
while the outer ones crush. 

(6) Resistance = 4 {-j" )/• + ^i/« 

This resistance is made possible by the fact that the inner rivets 
join thick plates, while the outer ones receive the bearing pressure 
of the thin cover, and hence are liable to crush. 

The above five resistances complete the possible ones for these 
types of joints. All the resistances involving failure of rivets 
have a large increment of frictional resistance to be added to the 
expressions above. While the amount of this resistance is a 
matter of conjecture, it is, nevertheless, a real and potent factor in 
diminishing the UabiUty to rivet failure. It is necessary before 
calculating the pitch to insure an increase of strength on the inner 
lines of the joint. The necessary conditions may be determined 
mathematically by making 

// (a) > I and II (b) > /. 
That is, (l>-2d)tft + ^f.>{p-d)tft 
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Simplifying d>^ (93) 

Again (p - 2d) if, + tfti/c > (p - d) tU 

Simplifying k>^ (94) 

In this manner two arbitrary limits are set up, one for rivet size 
and one for cover plate thickness, which must be heeded in order 
to insure an increase in the strength of the joint upon the inner 
rows. With practical values for rivet diameter and cover plate 
thickness, the above limits are rarely of much importance, since 
the sizes actually used generally exceed those theoretically re- 
quired. In rare instances, where the plates to be joined are very 
thin, the theoretical cover plate thickness may fall below half the 
main plate thickness. In such cases, the covers should each be 
made to exceed the half plate thickness by a liberal margin. 

The determination of the above Umits is all that resistance II (a) 
and II (6) can establish, the pitch disappearing by cancellation in 
the inequahties. To calculate the pitch; first, select a rivet larger 
than the limit just established; second, eliminate by inspection 
the resistances as to rivet failure which represent excess of strength; 
and lastly, equate the one remaining rivet resistance to the tearing 
of the plate and solve for the pitch. A numerical example will 
best illustrate the procedure. 

Problem. 

Let the boiler plate in the joint of Fig. 69 be } in. thick and both covers ^ in. 
less. Then ^ = } in. and h — y^ in. A reference to Table II, page 104, 
gives di » 0.509 in. as the critical steel rivet diameter for equal crushing and 
double shearing in } in. plate, and di = 0.849 in. as the critical steel rivet 
diameter for equal crushing and single shearing in ^ in. pLate. 

The solution of equation (93) gives a limiting minimum rivet diameter d^ 
equal to 0.58 in. Equation (94) yields a minimum cover plate thickness of 
0.21 in. Then, the assumed cover plates ^ in. thick are suitable ones and a 
rivet larger than 0.58 in. such as i in., for instance, is a proper one. Comparing 
J in. with rfi = 0.509 in. and di = 0.849 in., the method of rivet failure may be 
seen to be crushing throughout the joint, since d is larger than both di and di. 
All the resistances to rivet failure except IV, therefore, may be eliminated from 
further consideration. A pitch value determined by making I = IV will 
throw these two strengths into balance and all the other resistances to failure 
will represent excess strengths. 

Now the friction between plates increases IV far beyond its mathematical 
value while I has only a slight enhancement of value due to grooved sped- 
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men action. Resistance I is, thereforei the least in the list and a proper one 

on which to base the efficiency. 

Equating I and IV 

(p - d) (ft = 2 dtfc + dlifc' 
Substituting 

d - i in., t = i in., <i = A in. 

and the usual values for ft and /«, 

p = 5.20 ins. 

It is interesting to substitute back the values just determined 
in all five of the resistances and note the relative strengths of a 
repeating section of the joint. The following is the numerical 
result: 

I. 89,240 lbs. 

II. (a) 98,210 lbs. 

II. (b) 97,400 lbs. 

III. 135,300 lbs. 

IV. 89,240 lbs. 
V. 90,050 lbs. 

Having calculated the pitch, it yet remains to show that it is a 
proper one to use from the three following standpoints: 

(a) Calkability. 

(6) Efficiency. 

(c) Factor of Safety. 

The calking on this joint is performed along the inside line ce 
and the length of plate to be compared with the values in 
Table XXIII, at the end of the chapter, is 

I - d = 1.725 ins. 

A reference to the outer cover plate thickness and test pressure 
at hand will establish the possibility of using the above pitch. 
The efficiency and factor of safety should next be investigated 
under the principles laid down in Arts. 38 and 39. Early in the 
discussion of riveted joints it was stated that, whenever the rivets 
failed throughout the joint by crushing, the efficiency was constant 
and a maximum. The general expression for the efficiency of a 
riveted joint, using the calculated pitch, was previously shown 
to be 

V 
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Substituting the value for numerator and denominator from the 
pitch formula used in the joint under discussion, 

2cUfc + dtJc 



2 dtfc + dtifc + dift 



^ 2 tfc + tifc . . 

2tfc + tjc + tfi ^^^^ 

It is evident upon inspection that this expression is a constant for 
a given thickness of main and cover plate. If the cover plate on 
the inside of the joint is made the same thickness as the main plate, 
the expression becomes 

''-3^, <'«> 

which is the maximum eflftciency obtainable for this type of joint. 
Substituting numerical values" 

y ^ 3 (96,000) 

3 (96,000)+ 55,000 

= 84.0 per cent. 

Hence, in this case the above statement in regard to constant 
efficiency is shown to be true. A reference to the tables of pitches 
at the end of this chapter also proves that the efficiency with 
crushing rivets is a maximum. With the inside cover plate some- 
what thinner than the main plate, the efficiency is reduced a little 
in its value. A higher efficiency must be sought by using a more 
complicated type of joint. 

43. General Efficiency Calculation. — When the pitch of a 
riveted joint has been assumed from entirely arbitrary reasons, 
the methods previously outlined for determining the efficiency 
are not applicable. A general analysis of the joint strength must 
be made. The ratio of the least resistance to failure to the strength 
of the solid plate will then constitute the efficiency. The manner 
of failure of each row of rivets can be predicted by reference to 
Table II, page 104. The strength of a repeating section of the 
joint should next be calculated for each row of rivets, passing from 
the outside of the joint inward. The lowest resistance to failure 
can then be detected ^vithout question. Let the quadruple- 
riveted butt-joint of Fig. 70 represent the proportions of such an 
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arbitrary design. Let the loag pitch be taken as 12 ins., the main 
plate J in. thick, the inside cover | in. thick, the outside cover | in. 
thick and the rivets J in. in diameter. In the figure the strei^h 
along each line of rivets is placed at the side and the ratio 

412500 " "'^^ '"' 90.5 per cent, 
represents the efficiency of the joint. 

44. Minimum Pitch. — Sometimes instead of using a theo- 
retically correct pitch as calculated above, a considerably smaller 
distance between rivets is arbitrarily chosen. There is danger 
in so doing that the tearing strength will be unduly lowered on 
the inner row of rivets. In the numerical example given in 
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Art. 42, the rivets failed by crushii^ throughout the joint. The 
possible failures were, then, 
/. Tearing outside. 

II. (h) Tearing and crushing. 
IV. Crushing all rivets. 

Now I = IV gave the correct pitch, after having made II (b) > I 
by use of a suitable cover plate. Supposing the correct pitch to 
be arbitrarily diminished, the question arises as to how far the 
reduction may wisely be carried. Making the strength on the 
inner row greater than the rivet failure may be expressed by 
the relation 

// (6) > IV. 
Then 

(p-2d)tf, + dtif, >2dtf, + dtif. 

OP (j>~2d)tfi>2dtfc 
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This equation may be interpreted to mean that there should 
always be enough tensile strength of plate between rivet holes in 
well-designed joints to load the rivets to their full shearing or 
crushing values. If insuflftcient plate were used, the rivets would 
not participate fairly in sustaining the load on the joint. 

Solving and substituting 

t = I in., d = I in., 

and the usual constants for ft and /c 

p > 4.80 ins. 

With this value used as the pitch, I will be less than II (6), and 
II (6) will equal IV. A further reduction will make II (6) less 
than the rivet strength IV. Therefore, by equating II (a) or (b) 
to the rivet strength a minimum pitch may be found, below which 
it will not be wise to go. This can readily be seen from a numer- 
ical comparison. With p — 4.80 ins. the strength of the joint per 
repeating section is 

/. = 80,970 lbs. 

//. (b) =89,210 lbs. 
IV. = 89,210 lbs. 

Any less pitch than the above minimum one will make 

// (6) < IV, 

and the full rivet strength will not be reached, a result not consist- 
ent with good design. 

45. General Procedure. — Before dismissing the subject of 
pitch calculation, the method of procedure for joints in general 
will be summarized: 

Method of Procedure 

1° Select type of joint. 

2° Write resistances to failure: 

I. Tearing outside row. 

II. (a) Tearing inside row and shearing outer rivet. 

II. (6) Tearing inside row and crushing outer rivet. 

III. Shearing all rivets. 

IV. Crushing all rivets. 
V. (a) {Combination of rivet failures by crushing 
V. (b) \ and shearing on inner and outer rows. 



Plate 



Rivet 



BUTT-JOINTS OF HIGH EFFICIENCY 129 

3° Find limiis: 

II (a) > / Find min. d. 
II (6) > I Find min. (, 
i° Select trial rie^ diameter and predict failure by reference to 

TabU II. 
5" Eliminate excess rivet strengths by inspection and equate re- 

maininy one to I for pitch value. 
6° Determine suitability of pitch from standpoint of calkability, 

efficiency, anS factor of safely. 
46. Butt-joints of High Efficiency. — When extra high 
pressures are used in boilers of large diameter the efficiency of 
the longitudinal seams may be 
considerably increased by the 
use of quadruple-riveted butt- 
joints, Fig. 71. It may again 
be emphasized that the lai^e 
mass of metal in such joints ren- 
ders imperative their removal 
from the region of the fire, while 
the necessarily wide inside cover 
plate forbids their use except in 
boilers of large diameter. The butt joimt 

des^ of such joints follows the ooaoruplc rivitid 

general method outlined for or- ^o- '^^■ 

dinary joints. The resistances to failure are as follows: 
/. Tearing the boiler plate on ab. 
Resistance = {p — d) tfi 
II. The next inner row ce has one additional hole in it, hence 
its tearing strength coincidenl with the outer rivet failure 
must be included in the resistances. 

(a) Resistance ={p~2d)tf,+ ^f, 

(t) Resistance = (p - 2 d) tf. + dtj, 
III. The next inner row fg has two more holes than those already 
considered. The holding power of the outer rivets has 
increased, however. 

rd* 
(a) Resistance = {p — 4 d) tf, + Z --j- f, 

(6) Resistance = (p - 4 d) (/, -|- 3 dtj^ 
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The fourth row hi presents no change in tearing strength other 
than those already considered. The rivets in rows db and ce are 
under identical conditions as regards plate thickness, hence their 
crushing or shearing may be taken in the aggregate. 

IV, All rivets shear. 

Resistance = 19[-j-j/, 

V. AU rivets crush. 

Resistance = 8 dtfc + 3 dtifc 

VI. The two inner rows of rivets may crush and the two outer 
ones shear. 

Resistance = 8 dtfc + 3 (-t")/* 

To preserve the increased strength along the rivet lines as the 
center line of the joint is approached, the following inequaUties 
must be considered: 

// (a) > /, 

II (b) > 7, 

III (a) > II (a), 

III (b) > II (a), 

III (a) > II (6), 

III (b) > II (6). 

Writing and reducing these inequalities, 



(p-2d)tf,+(^y.>(p-d)tft 



d>^i. ....... (97) 



(p - 2d)ift + dt,f, >ip-d) tft 



<i>'4' (98) 

Jc 



(p - 4d) ^, + 3 (^)/. >(p - 2 d) //. + (^)/. 

.-. d>^ (99) 

(p - 4d) </, + 3dtifc>(p-2d) ifi + '^S. 

The latter expression involves the shearing and crushing of the same 
rivet under similar conditions. The only rivet which could do 
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this would be one of exactly the limiting diameter. Under such 
conditions 

and the above equation becomes 



or 



2(Uifc> 2dtft 
tfi 



ti> 



fc 



(100) 



The inequalities, III (a) > II (6) and III (6) > II (6), yield the 
same limiting values for d and ti. Expressions (97), (98), (99) 
and (100) are the same as those under the former joint and 
aflFord the usual limits for cover plate thickness and rivet diameter. 
In certain joints of this class with the rivets spaced as in Fig. 62, 
page 107, there are two limiting rivet diameters determined by 
equations (97) and (99) and two limiting cover plate thicknesses 
following from (98) and (100). The procedure is the same, how- 
ever. Having selected a suitable rivet diameter and cover plate 
thickness in the light of the above equations, the resistances rep- 
resenting excess rivet strengths may be eliminated by inspection 
and the remaining one equated to the tearing of the plate to find 
the pitch. The investigation of calkabiUty, efficiency and factor 
of safety is pursued as before. 

47. Fire Seams. — The preceding discussion of riveted joints 
has reference to seams so far removed from the fire as to be sub- 
jected only to the heat of the fluid confined within the boiler. 
Heat of such a hmited degree does not seriously aflfect the calking 
of the joint. When, however, seams are directly exposed to the 
fire, the previous discussion of pitch limits is no longer applicable. 
The joint selected for such use is always , 

of the single-riveted lap type. This 
form presents a minimum amount of 
metal to the destructive action of the 
fire. The overlap of the plates should 
be as small as is consistent with the nec- 
essary strength and the arrangement of 
the joint should be such that the flames 
will not impinge directly against the 
outside lap. Fig. 72 shows the proper arrangement with regard 
to the direction of the flames. The same size of rivets should 
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be used in the ring seams as in the longitudinal ones, to avoid 
confusion at the junction of the two. 

However perfect the circulation within the boiler, the outer 
plate in the ring seam is more or less overheated where the latter 

passes over the fire. There is, therefore, 

a tendency for the outer plate to expand 

away from the inner one and thereby to 

cause leakage. Fig. 73 shows this t^id- 

ucAKAoe IN n«e scam3. ency in an exaggerated manner. For 

Fig. 73. this reason the value of (p — d) on fire 

seams must be kept very much lower than on cool seams. The 

following arbitrary limits have been estabUshed by long practice 

as safe ones: 

VALUES FOR (p - d) IN THE RING SEAMS OF EXTERNALLY- 
FIRED BOILERS. 

ThioknesB of plat«. In. Value of (p — d) for hot Beams. Ins. 
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A 
i. 
A 
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U 

lA 
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H 



Inasmuch as there is always some excess circumference of plate in 
the outer course, ring seams should not be riveted up pitch after 
pitch in one direction. Four or six rivets should be driven at the 
start, equally spaced around the seam, in order to distribute any 
slack plate as uniformly as possible. For ease also in laying out 
the ring seam, the number of spaces should be a multiple of four 
or six, if possible. 

48. Lap Calculation. — While the margin of plate Z, Fig. 74, 
from edge to center of rivet hole is often arbitrarily assumed to 
be one and one-half times the driven rivet diam- 
eter, its value is nevertheless a very important 
factor in the success of a riveted joint. As was 
briefly pointed out early in the discussion of riv- 
eted joints, Art. 29, page 93, the function of the 
lap is twofold. Its office in pressure work is, first, 
to provide a stiff piece of plate which, when in- 
itially sprung back by calking, will react against 
the other plate of the joint with sufficient intensity to prevent 
the escape of the fluid. The second object of the lap is to throw 
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across in front of the rivets a piece of plate of width sufficient to 
bring the full rivet strength, into play. 

The second criterion, that of strength, is the one best fitted for 
consideration in lap design. To find the load actually imposed 
upon the lap, taking into account all the peculiarities of various 
joints, would only yield a vast amount of unwarranted complica- 
tion. Hence, in general, each rivet and the lap ahead of it, will be 
isolated from the rest of the joint. The lap must be strong enough 
to resist the greatest load the rivet can impose upon it. In this 
work the metal ahead of the rivet, shown section-lined in Fig. 74, 
will be considered to constitute a beam of length d and height h. 
From the continuity of the plate the lap-beam will be assumed to 
be fixed in direction at its ends. The distribution of the rivet load 
over the plate ahead of it is a matter of some conjecture and the 
stresses are very complex. It has been found by experiment to 
yield good practical results if the rivet load is taken as concentrated 
at the center of the lap-beam. The bending moment at the center 
of a beam so loaded is 

WL 



JIf = 



8 



the letters having the usual significance. The load which the rivet 
can impose upon the lap-beam will depend upon the manner of 
rivet failure. Three cases may be considered: 

/. Shearing the rivet (mcCj 

Load = -7- /a 
4 

77. Shearing the rivet in dovble shear ^ 

Load = ^/, 

777. Crushing the rivet or plate, 

Load = dtfe 

These three constitute all possible rivet loads. 

The peculiar features of two joints may also be considered as 
having a bearing upon the lap calculation. In double-covered 
butt-joints each cover plate holds approximately half the boiler 
plate tension. Fig. 46, page 96. The rivet then constitutes a 
beam supported at the ends by the covers and loaded at the 
center by the boiler plate. The inner cover may be of the extended 
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LfOad = 



type, in which case its increased width will take care of the above 
rivet load. The narrow outer cover will be Uable to lap failure 
unless calculated to withstand the reaction at the outer end of the 
rivet. In case the rivet is small enough to fail by double shearing, 
the outer cover plate lap will be loaded with the shearing of one 
rivet section and the case reverts to I, considered above. With 
large rivets the failure may result in crushing. Each cover plate 
will then receive as a maximum load one-half the rivet's crushing 
strength or, 

IV. Half -crushing y 

2 

When the pitch in the single-riveted lap joints, Fig. 65, page 110, 
is arbitrarily diminished for reasons previously described under 
fire seams, the rivets are excessively strong, and, before the full 
rivet strength is reached, such a joint would have ruptured by 
tearing. It is, therefore, unnecessary to make the lap strong 
enough to hold the full rivet strength. If the lap will hold the 
diminished tearing strength of the plate, it will be as good as the 
rest of the joint. Under such conditions the load becomes 

y. Tearing between rivets. 

Load = (p — d) tft 

To simplify the work of lap calculation the above five loads will 
be substituted in the usual beam formula and the resulting equa^ 

tions reduced to a simple 
form. The formula, 

y 

when applied to a beam 
of rectangular section 
with the dimensions given 
in Fig. 75, becomes 
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Fia. 75. 

The maximum bending moment for a beam fixed in direction at 
the ends and loaded with a concentrated load at the center is, for 



this case, 



JIf = 



(Load) (d) 
8 
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For a ductile material like boiler plate it may be safely assumed 
that the modulus of rupture is approximately equal to the tensile 
strength, or / = 55,000 lbs. per square inch. Then 

(Load) (d) ^ ih^ 
8 ~^' 6 

or * " V 4 u ^^^^ 



^ J (Load). 



= 0.00369 

The load expressions in the five cases cited above may next be 
substituted. Inserting at the same time the value of tt, the usual 
values of /« and fc and remembering that the lap is measured to 
the center of the rivet, the expressions become 

/. Single shearing. 

Lap = ^ + 0.00369 v/^(^)/. 
For steel rivets. 

Lap = ^ + 0.694 y J (101) 

77. D(mble shearing. 

Lap = ^ + 0.00369 \/j(^)f. 
For steel rivets, 

Lap = ^ + 0.982 y/y (102) 

777. Crushing, 

Lav = ^ + 0.00369 y y {dtfc) 

= 1.645d (103) 

This is independent of the plate thickness, hence with a given 
crushing rivet the lap is the same for all thicknesses of plate. 

IV. Half -crushing. 

Lav = ^ + 0.00369 y^^ 

If the cover plate thickness is the same as that of the boiler plate 
this expression becomes 

Lap = 1.309d (104) 



I 
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an expression like equation (103) independent of the plate thickness. 
When the thickness of the cover, <i, is different from that of the boiler 
plate, as is usually the case, the above general expression becomes 

K.P- 1 + 0.00369 Vf^ 

= ^ + 0.809dyp ...... (105) 

V. Tearing, 



Lav = ^ + 0.00369 y^ (p - d)tft 

= ^ + 0.866 V(p-d)d (106) 

This is again independent of the plate thickness, hence for a given 
pitch and rivet the lap is the same for all thicknesses of plate pro- 
vided a reduced pitch is used. 

In all cases, the lap must exceed the rivet diameter by a reason- 
able amount in order to provide a good bearing for the rivet 
heads. The latter approach 2 d in diameter as was shown under 
rivet proportions. 

In order to render formulae (101) to (106) inclusive as useful as 
possible in practice, the following plots and tabulations have been 
calculated for the usual range of rivet diameters and plate thick- 
nesses. The results of formulae (101), (102) and (103), for single 
and double shearing and crushing are contained in Tables III and 
IV. Whenever the rivet is large enougfi to fail by crushing 
rather than shearing, the fact is indicated by the style of type 
as explained under the column headed "Remarks." After hav- 
ing selected a lap value for a given case, it should generally be 
expressed to the next integral sixteenth of an inch above the 
decimal values given in the tables. 

The application of formulae (104) and (105) for half crushing 
laps is represented by the plot of Fig. 76. For abscissae the vary- 
ing ratios of the main plate thickness to that of the cover plate 
are plotted while the ordinates comprise the" corresponding lap 
values. For equal main and cover plate thicknesses it is evident 
that the lap equals 1.309 d in each case as given in formula (104). 
The plotted lines' are continued to the left until the indicated lap 
value is but \ in. greater than the half rivet head. Laps less 
than these do not find practical use. 
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Formula (106) for tearing laps is illustrated by the plot of Fig. 
77. It must be bome in mind that this case is applicable to 
reduced pitches only. As soon as the pitch attains its normal 
value, the lap calculation reverts to Case I or III. The lines 
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plotted in Fig. 77 are applicable, therefore, through a very short 
range only. At their left ends they indicate minimum laps or 
those d + f in. in amount. The Hnes are continued to the right 
until the corresponding lap values pass over to those of Case I 
or III. 
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49. Distance between Rows of Rivets. — The transverse 
dimensions of a riveted joint are determined from the calculated 
lap values expl^ned above and the space between staggered rows, 
combined with the necessities of the riveting machine. The 
double-riveted buttr-joint shown in 
section in Fig. 78 contains three cal- 
culated laps, namely: at outside and 
inside cover plates and main plate. 
The width of the joint is, therefore, 
determined as soon as the possible 
proximity of the outermost rivets to 

the outer cover plate is known. In ^^^ ^^ ^^„ ^^^ 

Fig. 78 the die of the riveter is shown p^ _„ 

in the position of drivii^ the outer 

rivet. Often S is made twice the lap. A safe rule in general ia 
Jo allow for rivet heads twice the driven diameter of the rivet and 
secure ^ in. between the rivet head and lap edge. Then 

S = Lap + ^j in. + Rivet diameter. 
When there are two inner rows of rivets in staggered order the 
distance between them is determined as explained in Fig. 52, 
page 101. If the horizontal pitch is greater than 4 ins. the full 
30 per cent excess on slope lines need not be secured. 




WIDTM OF WELT JOINTS 

Fm. 79. 

In welt joints, Fig. 79, the distance between rows depends upon 
the writing or bending of the cover plate in addition to the above 
factors. The horizontal distance x necessary to get down from 
one level of plate to the other is taken as twice the plate thickness 
over which the bend is made. 

Then G — Lap + 2t + Rivet diameter, 

and as before 

S = Lap + ^e in. + Rivet diameter. 
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For symmetry S is generally made equal to G, the latter being 
the larger. In addition to the above requirements, the possibility 
of calking the lap edges must always be kept in view. If the 
outer rivets in Figs. 78 and 79 are placed as closely as possible to 
the lap, it is sometimes impossible to hold the calking tool at the 
correct angle. Room must be provided for holding the latter at 
about 30° with the plate below. 

60. Insertion of Joints. — Having computed the pitch and 
laps, and determined the transverse dimensions of the joint, it 
remains to space the pitch properly between ring seams. On 
account of the reduced strength and ductility of boiler plate when 
submitted to tension at right angles to the direction of rolling, 
pressure vessels are seldom made up with the hoop tension cross- 
wise of the fibre. Most boilers and tanks contain three or more 
cylindrical courses, placed inside and outside in alternation. The 
width of each course is determined by the exigencies of the setting, 
the width of plate readily procurable and the reach of the riveting 
machine. It is well in multi-course vessels to have two or more 
of the joints in duplicate for ease in laying out. No attempt is 
made to keep the pitch in integral sixteenths of an inch. With 
the distance between ring seams expressed in binary fractions, the 
pitch is spaced to fit. Small changes of 2 or 3 per cent in the 
pitch are permitted without considering that the former calcu- 
lations have been affected. All the other dimensions of riveted 
work, aside from the pitch, should be expressed in binary fractions 
not smaller than one-sixteenth inch. 

The same size of rivets should be used in both ring and longi- 
tudinal seams in order to make as little disturbance as possible 
where they cross one another. Longitudinal joints are never 
placed in line and thus the confusion of multiple plate thicknesses 
and complex rivet arrangements is avoided. Whatever the irreg- 
ularities necessarily introduced where the ring and longitudinal 
seams cross, the safe calking pitch must never be exceeded and the 
joint efficiency must not be unduly lowered. 

While very few longitudinal butt-joints have given way to abso- 
lute failure, local deterioration and distortion have often taken 
place due to careless rivet arrangement at the ring seam juncture. 
Great care must be exercised, therefore, to avoid an undue expanse 
of unstayed plate as well as a lowered efficiency when seeking the 
necessary room for driving rivets in this region. 
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When a single-riveted ring seam crosses a longitudinal joint if 
possible a point should be selected for the juncture so as to leave 
the outside or long pitch undivided. The outer row is already 
the weakest place in the joint and if more rivet holes are placed 
on that line, the efficiency falls rapidly. For instance, the effi- 
ciency of a triple-riveted butt-joint using rivets one inch in diam- 
eter is reduced from 89 to 78 per cent by the introduction of one 
more rivet hole on the outside row. The outside pitch should, 
therefore, be left whole or nearly so, where the longitudiaal and 
transverse joints meet. 

In chain-riveted seams, the position of the last rivet in the joint 
next to the ring seam must always be such as to secure room for 



SEAM JUNCTURES 

Fio. 80. 

the die of the riveter to act, Fig. 80. If the natural pitch of the 
longitudinal joint is such that 

Pj = Rivet diam. + ^g in. + Ring seam lap, 

then pi may be kept equal to pi, and there is no need of changing 
the or<hjiary pitch of the joint. WTien pi, however, is naturally 
too small, the last pitch of each joint must arbitrarily be made 
greater to accommodate the driving of the rivet immediately ad- 
jacent to the ring seam. 

The crossing of the lei^hwise joint by the crosswise one is 
generally accompanied with some difficulty when the former con- 
tains rivets in staggered order. With usual rivet sizes and thick- 
nesses of plate it is not possible to cross a stai^ered row without 
the omission of at least one of its rivets. 

In Fig. 81 there is not generally enough room to drive the last 
rivet on the rear row because of its proximity to the ring seam 
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lap. Hence this rivet must be omitted. To compensate for its 
loss, the last pitch p2 is shortened to about 0.8 its original amount. 
This lowers the efficiency to a slight degree. The rivet thus 
dropped must not be one upon the calked edge, since the pitch 
on that line is supposedly as large as it can be without leakage. 




CROSSING STAGGERED ROWS 

Fig. 81. 

The ends of the outside cover plates of inner courses, when of 
moderate thickness, are thinned to a sharp edge and tucked under 
the lap of the next outer course. The sides of such cover plates 
are also thinned near the ends so as to facilitate tight calking. 
The ends of inside cover plates are usually cut off just short 
of the ring seam. In very staunch work they may extend into 

the ring seam and participate in the 
riveting. 

With very thick plates it is so dif- 
ficult to tuck covers under successive 
courses that the method shown in Fig. 
82 has been employed by the Inter- 
national Engineering Co. of South 
Framingham, Mass., in heavy boilers. 
The pitch along the calked edge of 
the staggered row is kept uniform. 
Instead of dropping an inner rivet, it is 
displaced a little to the right in order to 
provide room for the soft steel pipe plug e. Then the cover is 
rounded at b and cut short as shown. This method permits easy 
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calking of the ring seam, pipe plug and cover plate. With large 
pitches and thick plates it is a satisfactory method. 

The following riveted-joint illustrations, Figs. 83 to 98 inclusive, 
show the practical arrangement of rivets at junctures for a variety 
of seams. The general conventions adopted in the cuts are as 
follows: 

A shows the joint end of an inside course underlapping the 
next one to the left. 

B indicates the joint end of an external course overlapping the 
next one to the right. 

C is a section on the ring seam MN at the right, showing the 
thinning necessary to insure a smooth surface for the next 
inner course to rest against. 

d is the driven rivet diameter. 

£ is a section of the run of joint. 

F shows the manner in which a joint is made up where its 
end occurs at an uptake or similar opening. The overlap- 
ping plate is calked on the outside to the extreme edge Q 
and on the underside back to the tube sheet lap. 

G is a section on the ring seam XY a,i the left, showing the 
thinning necessary to insure a smooth surface for the next 
outer course to rest against. 

HK is the horizontal line on which the section of the tube sheet 
and joint is taken. 

MN is the vertical line on which the ring seam section at the 
right is taken. 

p is the ordinary pitch of the rivets. 

pi is the divided pitch in joints where the outside and inside 
spacing is not the same. 

jh is the end pitch, which may be enlarged or reduced, de- 
pending upon the type of joint. 

Q is the point to which the joint is calked for tightness in an 
endwise direction. In lap joints the plate edges are calked. 
In butt-joints a chip or wedge is driven between the abutting 
plates. Sometimes point Q comes well up in the uptake 
opening and again at the extreme comer of it. 

XF is the vertical line on which the ring seam section at 
the left is taken. 
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Fig. 83. Provided the ordinary pitch p gives sufficient room 
to drive the rivet next to the ring seam, pa is made equal to p, 
and the pitch is merely spaced between ring seams. The rivet 
next to the tube sheet flange is gouged slightly to permit assem- 
bling. 

Fig. 84. The last pitch pa is shortened to about 0.8 of its 
original value to compensate for the rivet dropped on the rear 
row. The ordinary pitch p is then spaced in regular order. 

Fig. 85. The rivet rows are placed at a suitable distance from 
one another to give the usual diagonal pitch. A rivet on the 
middle row is dropped at the ring seam and pa consequently 
shortened to 0.8 p. 

Fig. 86. If the ordinary pitch p is sufficiently large to accommo- 
date the ring seam lap, the spacing is uniform from one ring seam 
to the other. If not, pa is made greater than p by the required 
amount. 

Fig. 87. After having subtracted twice the value of p% from 
the seam length, the pitch p is spaced in uniformly. 

Fig. 88. The transverse distance between rows of rivets is 
made sufficient to insure failure along longitudinal lines as shown 
in Fig. 52, page 101. The outer pitch p is divided into two inside 
pitches pi. After having subtracted twice the value of p2 from 
the seam length, the inside pitch pi is spaced in uniformly so that 
the total number of such pitches will be some such number as 17 
or 19, a multiple of two, plus one. 

Fig. 89. In joints using a fraction of the outer pitch on the 
inner row, it is best to space the divided pitch. If pi will give 
room for the ring seam lap, the small pitch should be spaced uni- 
formly from end to end of the joint. The seam should contain 
an even number of small pitches. 

Fig. 90. The alternative arrangement of the single-riveted 
welt-plate joint calls for a grouping of three small pitches with 
two large pitches. Therefore, if pi will permit the driving of the 
rivet next to the ring seam, the small pitch should be spaced uni- 
formly throughout the joint. The total number of small pitches 
should then be a multiple of three. On the other hand, if the last 
space must be made larger than pi, twice pa should be subtracted 
from the distance between ring seams and the remaining distance 
divided into small pitches the total number of which shall be some 
such number as 22 or 25, a multiple of three, plus one. 
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Fig. 91. The staggered riveting in this joint calls for the usual 
reduced pitches at the ends. The total number of inside pitches 
must be a multiple of two, in order jbo avoid unwarranted rivet 
holes on the outer row. 

Fig. 92. After having determined pa and subtracted twice its 
value from the seam length, the inside pitch pi should be arranged 
in groups of three, plus one. The outer pitches will then be sym- 
metrically arranged throughout the joint. 

Fig. 93. Provided the end pitches will give room for driving 
the rivets adjacent to the ring seam, the small pitch pi should be 
spaced in groups of two throughout the seam. 

Fig. 94. If pi is large enough to secure room for the end rivet- 
ing, the joint may be uniformly spaced throughout, in multiples 
of three small pitches. If p2 has to be made arbitrarily larger than 
pi, the total number of inside pitches will be a multiple of three, 
plus one. 

Fig. 95. With twice the values of pa subtracted from the joint 
length, the small pitch pi should be uniformly spaced throughout 
in multiples of two. 

Fig. 96. To insure symmetry the seam length, lessened by twice 
the end spaces pa, should contain a total number of pitches pi 
consisting of a multiple of three, plus one. 

Fig. 97. In quadruple-riveted butt-joints there are various 
possible methods of insertion. If the large pitch is to be kept 
intact and approximately the full efficiency secured at the ends of 
the joint, the total number of small pitches pi, after having deducted 
P2, should be a multiple of four, plus two. If this is especially 
difficult to obtain, the grouping may be simply in twos, there being, 
consequently, a small theoretical loss in efficiency. 

Fig. 98. The end spacings p2 having been deducted from the 
joint length, the small pitch should be arranged to comprise a 
number consisting of a multiple of three, plus one. If this appears 
to be impossible, the joint can be suitably arranged, there being a 
slight loss in efficiency, with inside pitches simply in groups of 
three. 

Some designers object to the location of rivets in outer rows 
circumferentially opposite those upon inner rows, claiming that 
the holding power of rivets so placed is impaired. While it is 
doubtful whether or not there is any basis for such a belief, joints 
may be inserted without rivets opposite one another, provided 
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fractional pitches are used at, the ends. The principles explained 
above are fully applicable to rivet arrangements of this character. 
61. Patches. — There are two classes of patches, namely, 
hard and soft, applied to pressure vessels to stop local deteriora- 
tion. When cracks or bulged plates appear, the metal affected 
must be entirely removed before the patch can be applied. The 
hard patch consists of a piece of steel plate, accurately shaped, and 
permanently riveted to place. Soft patches are often applied 
temporarily or in case of emergency and are not supposed to con- 
stitute a permanent repair. The 
metal used for the latter is gener- 
ally soft wrought iron which can be 
shaped to fit the required place by 
hammering cold. Soft patches are 
usually set in boilermaker's putty or 
with lead gaskets to prevent leakage 
and are secured in place by threaded 
patch bolts. Fig. 99 shows a typical 
patch bolt. Table V gives their usual 
proportions. They are introduced from the side toward the 
fire and when screwed home securely the protrusion, by which 
they are driven, is chipped off. 




PATCH BOLT 

Fig. 99. 



TABLE V. 
PROPORTIONS OF BOILER PATCH BOLTS. 

12 threads per inch. 



Diam. D. 


Uaual lanctba, L. 


In. 


Ins. 


\ 


i, 1, li, U 


■ ■ 


i; 1, 1 , 1 


. ■ 
1 


.. 1, 1:, 1 


■ 


.. 1, 1, 1' 


1 


Ij, 15 



When the form of the patch is very complex, the following 
method may often be used to gain an accurate idea of its shape. 
A hole, drilled in the center of the locality which the patch is to 
cover, will permit the introduction of a quantity of plastic plaster 
of Paris. After compacting this against the injured plate and allow- 
ing it to set, the cast thus obtained may be smoothed up and used 
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as a pattern in the foundry. The anvil formed in this manner 
may be used for guidance in shaping the patch so as to secure a 
good fit. 
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Fig. 101. 

WATER LEG JOINTS 

62. Water Leg Joints. — The spacing of stay bolts in the 
water legs of locomotive and vertical boilers often introduces 
considerable complexity when riveted joints must be accommo- 
dated in these members as well. Since the circulation space is very 
valuable in this region, inside cover plates are generally omitted 
and the joints shown in Figs. 100 and 101 are used instead. 
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These joints consist essentially of special double-riveted lap joints 
in duplicate! and were it not for the holding power of the stay 
bolts, considerable distortion would probably result. In the 
actual case, however, the water channel is held rigidly to shape by 
the stays and no trouble is experienced in this direction. Two 
methods are shown of making up the joint without disturbance 
to the stay bolt spacing. Since, due to the rigidity of the staying, 
the hoop tension in the outer furnace sheet does not approach 
the expected theoretical amount, the low eflSciency of the joint is 
not critical. The procedure in designing such joints is at best 
empirical. 

When the natural spacing of the stay bolt will permit, the 
arrangement shown in Fig. 101 should be adopted. The rivets 
in these joints should be the same in diameter as those used in the 
other longitudinal seams. The outside cover plate may be made 
somewhat thinner than the external furnace sheet to provide 
flexibility, but care should be taken that the longitudinal pitch of 
the rivets is well within the safe calking limit. The laps and dis- 
tance between rivet rows should be calculated in the usual manner. 

When the width of cover plate determined above is so great as 
to interfere with the placing and heading of the stay bolts, the 
me.thod shown in Fig. 100 must be followed. 

In either form, the laps should be at least equal to those required 
by the rivet size; the calking pitch should never exceed the safe 
amounts given in Table XXIII, and the diagonal pitch should be 
determined by the principles set down in the previous discussion 
of that subject. Further than this, these joints do not lend them- 
selves to exact calculation. Great care must be taken whenever 
such joints run beyond the stay-bolted area, to change them at 
once to typical butt-joints with both inside and outside cover 
plates. Without the assistance of the stay bolts, these joints 
would not be strong enough to hold the hoop tension of a cylindrical 
shell even under low pressures. 

63. Experimental Results. — The question is often asked as 
to how near the foregoing theory of riveted-joint design stands to 
the results of actual tests. While experiments upon riveted joints 
are generally unsatisfactory because of the absence of heat and 
corrosion^ nevertheless many such tests have been made, and the 
results afford an interesting comparison with theoretical calcu- 
lations. In 1887 an elaborate series of tests was carried out at 



EXPERIMENTAL RESULTS 



151 



the U. S. Arsenal, Watertown, Mass., upon joints supplied by the 
Bureau of Steam Engineering of the U. S. Navy. The joint speci- 
mens were all of the butt-type with double cover plates. Some 
of the joints used cover plates of equal width and others of the 
extended type. All the joints were tested to destruction, minute 
observations being made upon the behavior of the rivets and plate. 
The efficiency was calculated by dividing the maximum load at 
which the joint failed by the tensile strength of the solid plate as 
determined from previous experiments. To make this quantity 
entirely comparable with theoretical efficiencies, a repeating 
section of the joint should have been used in the experiments. 
This was not done owing to the difficulty of driving rivets along 
the edge. Hence the practical results do not express the exact 
efficiency as heretofore defined. The joints were so wide, however, 
that the small margin outside of the repeating section probably 
had an inconsiderable eflfect upon the efficiency. The results of 
all the tests in this series are compared with the theoretical effi- 
ciencies in Table VL While not of vital importance the comparison 

TABLE VI. 
EXPERIMENTAL EFFICIENCY OF RIVETED JOINTS. 

Tested at the U. S. Arsenal, Watertown, Mass. 



No. of test. 



910 
911 
912 
913 
914 
915 
916 
917 
918 
919 
920 
921 
922 
923 
924 
925 
926 
927 
928 
929 
930 
931 
932 
933 



Type of joint. 



Double-riveted butt 
Double-riveted butt 
Double-riveted butt 
Triple-riveted butt 
Triple-riveted butt 
Triple-riveted butt 
Double-riveted butt 
Double-riveted butt 
Double-riveted butt 
Triple-riveted butt 
Triple-riveted butt 
Triple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Quadruple-riveted butt 
Triple-riveted butt 
Triple-riveted butt 
Triple-riveted butt 



Experimental efR- 
ciency. Per cent. 



Calculated effi- 
ciency. Per cent. 



74.0 
78.1 
71.7 
76.7 
76.2 
82.6 
91.3 
78.1 
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is interesting. In some of the joints, especially Nos. 928, 929 and 
930, the rivet rows were placed so close together that at rupture 
the tearing of the plate occurred along diagonal lines much less 
in length than that of the usual longitudinal ones. Hence the 
efficiency was low. 

54. Riveting around Circular Openings. — Figs. 102 and 103 
show respectively single- and double-riveted seams around man- 
hole openings. Such seams are either elliptical or of an approxi- 
mately elliptical shape made up of semi-circular arcs and flat 
sides. If of true elliptical shape they are laid out by template 
on the flat plate before rolling. If of approximate form they are 
struck on the flat plate with compasses and straight edge. 




A- ^APPROX. 

Fig. 102. 



RIVCTING 

AROUND 
CIRCULAR OPENINGS 




A" |>APPROX. 

Fig. 103. 



The positions of the rivets on these openings are always such as 
insure a symmetrical arrangement, thus making the number even. 
Openings of this shape are correctly placed with their long dimen- 
sion in a circumferential direction with regard to the boiler, thus 
removing as little plate in a longitudinal direction as possible. 
The end tension in a cylinder is never more than one-half the hoop 
tension, hence this is a proper arrangement of an elliptical opening. 
It is always best to investigate any special feature of this kind 
as to the actual factor of safety. The joint, Fig. 102, close to its 
central portion c€, is in the most critical condition and at this 
point would probably have a low factor of safety. It is believed 
that in such joints, a length A about \ S for single-riveted rings 
of ordinary size (not over 16 ins. opening) may be taken and the 
assmnption made that the stiffness of the plate will cause the 
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more favorably situated spaces b and r to aid the weaker spaces c 
and e. The limiting lines mm for the sections considered should 
be so located as to pass through either the center of a rivet or the 
center of a space, and at the same time leave the distance A approx- 
imately as shown. This secures a portion of the joint similar to 
the repeating section chosen in other joints. Inasmuch as the 
tearing of the plate is here confined to chordal lines between 
rivets, while the hoop tension varies with the length of the ele- 
ment of the cylinder, these joints are more eflScient than straight 
joints of the same pitch, especially when a width of four or more 
pitches is considered. Since the calculated pitch can rarely be 
made to fit the desired pitch line without change, it is necessary 
to calculate all the possible^ resistances to failure of both plate 
and rivets. 

Proceeding as in the general case of riveted joints: 

/. Tearing. 

Resistance = {b + c + e + r)tft . . . (107) 

//. Shearing, 

Resistance ^ ^(^f. (108) 

III. Crushing. 

Resistance = ^dtfc (109) 

With P the working pressure and R the radius of the cylindrical 
shell, 

IV. Hoop tension for length A = PRA (110) 

mi- n _. ^ a * A LccLst Resistancc /hhh\ 

Then Factor of Safety ^ Hoop Tensum ' ' " ' ^^^^^ 

For the double-riveted ring, Fig. 103, the pitch on the inner or 
calked row should be uniform to insure tightness. This may be 
secured by laying out one pitch of the theoretical amount as shown, 
on the circle half-way between the rivet circles. A radial line, 
drawn to the center of the semi-circular pitch lines, indicates 
graphically the desired size of the pitch on the inner and outer 
rows. If calking takes place on the inner circle, the inner pitch 
should be spaced evenly and the outer rivets located radially 
opposite the centers of the inner spaces. Should calking occur 
on the outer edge, the outer spaces are made uniform, thus always 
leaving the pitch uniform on the calked edge. 
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The resistances to failure are then: 
7. Tearing. 

Resistance = (J + g + h + i)tft . . . (112) 
77. Shearing. 

Resistance -- 7 (^) f. (113) 

777. Crushing. 

Resistance ^ 7 dtfc (114) 

As before 

IV. Hoop tension for length A ^^ PRA. ..... (115) 

A J E» i /ci-i Least Resistance .^^^. 

And Factor of Safety ^ Hoop Tension ' ' ' ' ^^^^^ 




SPECIAL MANHOLE SEAM 

A ■ ffAPPROX. 

Fig. 104. 

Fig. 104 shows the elliptical manhole seam recommended by 

the Massachusetts Boiler Rules. Alternate rivets are omitted in 

the outer row. Proceeding as before, the resistances to failure 

are: 

7. Tearing along order row. 

Resistance =^ (J + k) tft (117) 

77. Tearing along inner row and shearing rivets. 

Resistance={o + p + q + l + u)tft + 2(^]f. (118) 

777. Tearing dUmg inner row and crushing rivets. 

Resistance ^{o + p^-q + l + u)ifi + 2dtfc. . (119) 
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IV, Shearing all rivets. 

Resistance = 7 (^)f. (120) 

V. Crushing all rivets. 

Resistance = 7 dtfc (121) 

VI. Hoop tension for length A = PRA (122) 

mi_ n J r o r J Least Resistance /ioo\ 

Then Factor oS Safety = -jj^^^^:^-. . . . (123) 

An application of the above method to the seam of the manhole 
in the Horizontal Return Tubular Boiler of Chap. V results in 
a factor of safety of 5.40. Such curved seams partake, to. a cer- 
tain degree, of the characteristics of helical seams and as such are 
probably stronger than the above approximate investigation would 
indicate. 

66. Tabulations. — In order to facilitate the use of the fore- 
going theory of riveted joints in practical work, the following 
tables of maximum pitches and efficiencies and maximum calking 
distances have been appended. 

Tables VII to XXII inclusive give the maximum pitch to be 
used in a wide variety of joints with the several rivet diameters 
and thicknesses of plate. Just below the pitch value in each 
case is specified the corresponding joint efficiency. These are to 
be regarded as the maximum values consistent with well designed 
joints. When reduced values are arbitrarily used for the pitch, 
the efficiency is correspondingly lowered. The spaces left blank 
in the pitch tables indicate in certain cases that rivet heads 2 d 
in diameter will come less than | in. apart, either in straight or 
diagonal lines, and hence cannot be driven. In other cases the 
omission of the pitch value signifies that the rivet in the table is 
less than the minimum allowable size for the plate in question, 
and hence could not be used in a properly designed joint. The 
manner of failure in each pitch calculation is indicated by the 
style of figures in which the results are printed. An explanation 
of the significance of the styles of figures is placed under the col- 
lunn headed "Remarks" in each table. The inside cover plate 
thicloiess given is that recommended by the Massachusetts Boiler 
Rules. 

Table XXIII of calking pitches indicates the maximum values 
consist-ent with tightness at a variety of working pressures. The 
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thickness of plate specified is always that of the one which is 
calked, in general the outside cover plate. 

In order to secure a fair distribution of stress throughout the 
joint the thicknesses of the butt-straps or cover plates must be 
sensibly equal. To prevent tearing of the covers along the center 
line of the joint the thickness of each must exceed by a reasonable 
margin half that of the main plate. In the case of the outer cover 
this margin is added to enhance its stiffness and enable it the moce 
effectively to resist leakage of the confined fluid. When fulfilling 
the above conditions the outside cover plate does not enter into 
the pitch calculation. Hence if necessary its thickness may be 
increased to meet the necessities of a given problem. 

The function of the inside cover, aside from its office as a por- 
tion of a riveted fastening, is to protect the main plate from cor- 
rosion. It must therefore have a thickness far in excess of the 
theoretical requirements discussed in Art. 42, page 124. In butt 
and welt joints with extended inside cover plates, so long as the 
outer rows of rivets fail by shearing, the thickness of the inside 
cover does not affect the pitch calculation and may consequently 
be made greater than the amount given in the tables if the 
expected corrosion warrants it. With crushing rivets however the 
pitch value is dependent upon the bearing power of the inside 
cover. Hence in the latter case the stipulated thickness alone 
should be used. 
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CHAPTER IV. 

GENERAL PROPORTIONS. 

56. Water Consumption. — The standard requirements for 
boiler rating call for the evaporation of 34.5 lbs. of water from and 
at 212° F. per horse-power per hour. The total rated water 
consumption of a boiler of any desired horse-power may ^hus be 
found by direct multiplication. Very often it is desired to design 
a boiler to replace an old one of known evaporative capacity when 
working under peculiar conditions. It then becomes necessary 
to reduce the performance of the latter to the terms of the standard 
rating before the above figures can be applied. 

The heat necessary to evaporate one pound of water into steam 
depends upon the temperature of the incoming feed water, the 
steam pressure to be maintained and the percentage of moisture 
in the steam. An actual example will best serve to illustrate the 
method of calculation. Let it be assumed that an old boiler is 
to be replaced, the boiler room data showing that, under average 
conditions, 3500 lbs. of feed water at 150® F. are evaporated per 
hour into steam at 135 lbs. per sq. in. gage pressure with 2 per cent 
of moisture or priming. 

The temperature corresponding to an absolute pressure of 149.7 
lbs. per sq. in. is 358.3® F. By reference to the heats of the liquid 
at the temperatures of the steam and feed water, it is evident that 

329.9 - 118.0 = 211.9 B.T.U. 

are necessary to raise each pound of feed water to the temperature 
of the steam. To vaporize 98 per cent of the feed water at 358.3® F. 
requires the expenditure of 

0.98 X 863.2 = 845.9 B.T.U. 

The total amount of heat required therefore per pound of water 
evaporated is 

211.9 + 845.9 = 1057.8 B.T.U. 

175 
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In comparison with this it should be noted that the evaporation 
of one pound of water under the standard conditions of boiler 
rating, namely from feed water at 212° F. to dry steam at the same 
temperature, calls for the expenditure of 969.7 B.T.U. Therefore, 
one boiler horse-power under the conditions of the problem is 
equivalent to the evaporation of 

969 7 

^' o X 34.5 = 31.61 lbs. of water per hr. 

lUo7.o 

The horse-power of the boiler to be replaced is, therefore, 

3500 



31.61 



= 110.8 



and the design of the new one should proceed with this figure as 
a basis. 

In order to facilitate the calculation of standard ratings under 
a wide variety of conditions, the following table is inserted. When 
the total approximate consumption of feed water per hour is 
known, the horse-power of the boiler may be found by dividing by 
the equivalent evaporation as expressed in Table XXIV under the 
actual operating conditions. Conversely the expected actual water 
consumption of a boiler of given horse-power may be found by 
multiplying by the tabular quantity corresponding to the condi- 
tions of feed temperature and steam pressure. 

67. Coal Consumption. — While the designer is rarely ex- 
pected to specify the exact type of fuel for which the boiler shall 
be used, it is necessary for him to have a definite idea of the 
essential characteristics of fuels in general. The number of 
pounds of water evaporated per pound of combustible varies 
widely with the kind of fuel, the rate of combustion and the type 
of boiler. With uniform draft conditions the character of the 
fuel influences most the main features of the design. The kinds 
of fuel most generally used at present for purposes of steam 
generation are as follows: 

(a) Coal (d) Natural Gas 

lb) Coke (e) Wood 

(c) Crude Oil (/) Waste Products 

Coal is classed in the United States according to the amount of 
volatile matter which it contains, in the following manner: 
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TABLE XXIV. 

ACTUAL EVAPORATION. 
Lbs. of Water Corresponding to One Boiler Horse-Power. 

(34.5 Lbs. per Hour from and at 212"" F.) 
For Various Feed-water Temperatures and Steam Pressures. 

Priming assumed 2 per cent. 









Qase Pressure. Lbt 


1. per sq. 


in. 






Temperature of 














feed water. 
















, 


Desraes F. 


50 


75 


100 


125 


150 


175 


200 


225 


250 


32 


28.83 


28.71 


28.56 


28.46 


28.39 


28.34 


28.30 


28.25 


28.19 


35 


28.92 


28.78 


2S.64 


28.54 


28.46 


28.42 


28.36 


28.32 


28.28 


40 


29.03 


28.92 


28.76 


28.68 


28.59 


28.54 


28.49 


28.44 


28.39 


45 


29.17 


29.03 


28.89 


28.80 


28.71 


28.66 


28.61 


28.56 


28.52 


50 


29.29 


29.17 


29.01 


28.94 


28.83 


28.78 


28.74 


28.68 


28.64 


55 


29.43 


29.29 


29.14 


29.06 


28.96 


28.92 


28.86 


28.80 


28.76 


60 


29.54 


29.43 


29.27 


29.18 


29.09 


29.03 


28.98 


28.94 


28.89 


65 


29.69 


29.54 


29.40 


29.32 


29.21 


29.17 


29.12 


29.06 


29.01 


70 


29.82 


29.69 


29.52 


' 29.47 


29.34 


29.29 


29.24 


29.18 


29.14 


75 


29.95 


29.82 


29.66 


29.57 


29.47 


29.43 


29.37 


29.32 


29.27 


80 


30.08 


29.95 


29.80 


29.71 


29.60 


29.54 


29.49 


29.44 


29.40 


85 


30.23 


30.08 


29.93 


29.84 


29.74 


29.69 


29.63 


29.57 


29.52 


90 


30.35 


30.23 


30.06 


29.97 


29.86 


29.82 


29.77 


29.71 


29.66 


95 


30.49 


30.35 


30.20 


30.11 


30.00 


29.95 


29.90 


29.84 


29.80 


100 


30.63 


30.49 


30.33 


30.23 


30.14 


30.08 


30.03 


29.97 


29.93 


105 


30.77 


30.63 


30.46 


30.38 


30.28 


30.23 


30.17 


30.11 


30.06 


110 


30.91 


30.77 


30.61 


30.49 


30.41 


30.35 


30.31 


30.25 


30.20 


115 


31.12 


30.91 


30.74 


30.63 


30.54 


30.49 


30.43 


30.38 


30.33 


120 


31.20 


31.06 


30.89 


30.77 


30.69 


30.63 


30.57 


30.52 


30.46 


125 


31.34 


31.20 


31.02 


30.91 


30.82 


30.77 


30.71 


30.66 


30.61 


130 


31.50 


31.34 


31.18 


31.06 


30.97 


30.91 


30.85 


30.80 


30.74 


135 


31.64 


31.50 


31.32 


ai.2o 


31.11 


31.06 


30.99 


30.94 


30.89 


140 


31.80 


31.64 


31.47 


31.34 


31.26 


31.20 


31.14 


31.09 


31.02 


145 


31.96 


31.80 


31.61 


31.50 


31.41 


31.34 


31.29 


31.23 


31.18 


150 


32.10 


31.96 


31.77 


31.64 


31.56 


31.50 


31.44 


31.37 


31.47 


155 


32.26 


32.10 


31.96 


31.80 


31.71 


31.64 


31.59 


31.53 


31.61 


160 


32.42 


32.26 


32.07 


31.96 


31.85 


31.80 


31.74 


31.67 


31.77 


165 


32.65 


32.42 


32.23 


32.10 


32.01 


31.96 


31.89 


31.83 


31.32 


170 


32.73 


32.58 


32.39 


32.26 


32.17 


32.10 


32.04 


31.99 


31.93 


175 


32.91 


32.73 


32.55 


32.42 


32.32 


32.26 


32.21 


32.14 


32.07 


180 


33.06 


32.91 


32.71 


32.58 


32.48 


32.42 


32.35 


32.29 


32.23 


185 


33.23 


33.06 


32.87, 


32.76 


32.63 


32.58 


32.52 


32.45 


32.39 


190 


33.39 


33.23 


33.03; 


32.94 


32.79 


32.73 


32.67 


32.60 


32.55 


195 


33.56 


33.39 


33.20 


33.09 


32.96 


32.91 


32.84 


32.76 


32.71 


200 


33.73 


33.5.5 


33.36 

1 


33.26 


33.16 


33.06 


32.99 


32.94 


32.91 


205 


33.90 


33.72 


33.53 


33.42 


33.32 


33.23 


33.16 


33.09 


33.06 


210 


34.06 


33.89 


33.70 


33.57 


33.47 


33.39 


33.32 


33.26 


33.23 


212 


34.14 


33.96 


33.78 

1 


33.64 


33.55 


33.46 33.39 

1 
1 


33 . 32 


33.29 
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CLASSIFICATION OF COAL 
in regard to 
VOLATILE MATTER. 
U. S. GeoL Survey. 

Anthracite: When volatile matter is not more than 7i per 
cent of the total combustible. 

Semi-Anthracitb: When volatile matter is from 7§ to 12§ per 
cent of the total combustible. 

Semi-Bituminous: When volatile matter is from 12§ to 25 per 
cent of the total combustible. 

Bituminous: When volatile matter is from 25 to 50 per cent of 
the total combustible. 

Lignite: When volatile matter is over 50 per cent of the total 
combustible. 

This chemical classification is roughly followed by a geographi- 
cal one as well, since eastern Pennsylvania coals are quite generally 
anthracite while those in the central portion of the AU^heny- 
Atlantic valley are semi-bituminous in character. The coals of 
western Pennsylvania, together with those of the southern states 
and Mississippi valley, are of the bituminous variety, the percent- 
age of volatile matter increasing with but few exceptions in the 
far West and Southwest. In the regions of the Northwest many 
deposits of lignitic coals are foimd. 



TABLE XXV. 
ANTHRACITE COAL SIZES. 



Name. 



Broken 

Egg 

Stove 

Chestnut 

Pea 

No. 1 buckwheat 

No. 2 buckwheat or rice . . . 
No. 3 buckwheat or barley 



Standard square mesh. Ins. 



Through. 


OvM. 


4 


2i 


2i 


2 


2 


1| 


li 




i 




i 




i 




i 


A 
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Anthracite coal is ordinarily placed upon the market under the 
sizes and names given in Table XXV. 

Coke is the product of coal, generally bituminous in character, 
when subjected to complete devolatilization in the gas house 
retort or coke oven. It therefore contains only traces of the 
hydrocarbons and consists essentially of pure carbon with certain 
admixed impurities. The latter, especially in the case of sulphur, 
may cause considerable trouble by fouling the grate and furnace 
walls, when the coke is burned under conditions of forced draft. 
Coke is rarely used as a steam fuel unless external conditions 
render it necessary. Smoke prevention in the residential districts 
of cities and the comfort of railway passengers in long underground 
tunnels generally make the use of coke imperative. 

The use of oil as a fuel in the furnaces of steam boilers has 
recently attained proportions of great importance. Especially is 
this true in locaUties where oil is plenty and coal or other fuel 
comparatively scarce. Oil fuel is of two kinds, namely, the crude 
petroleum as it comes from the wells, and petroleum from which the 
Ughter distiUates have been removed. While for a given weight 
the former contains fewer heat units than the latter, the crude oil 
is of much greater specific gravity, and on the basis of calorific 
value for the volume occupied, has the advantage. One pound 
of crude oil contains between 18,000 and 19,000 British Thermal 
Units and is therefore the equivalent of 1.37 pounds of bituminous 
coal or 1.67 pounds of anthracite in so far as heat units are con- 
cerned. The equivalent evaporative power of oil is, however, 
greater than these figures would indicate since the ease with which 
the furnace conditions may be manipulated permits of a more 
perfect combustion. 

Oil burners may use air or steam as the atomizing agent and the 
mixing may take place within or without the burner. When it 
is not expedient to use either air or steam a mechanical atomizer 
may be employed. The latter consists of a small orifice loosely 
closed by a plug. Upon the surface of the latter are helical 
grooves from which the oil issues at a high velocity, forming a 
rotary spray. Since the use of air causes additional complications 
in the plant, air burners are employed, as a rule, only where high 
temperatures are required or where the effect of the steam jet 
would be injurious. In metallurgical and chemical processes the 
presence of so much moisture in the flame is injurious to the 
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products. Air burners are more liable to clog with carbon than 
are steam burners. In general the arrangement of the furnace 
has more to do with the efl&ciency of the plant than has the type 
and form of burner used. For the atomizing of one ^ound of oil, 
from one-quarter to one-half pound of steam is required, or from 
one and one-half to three per cent of the total steam generated. 
Since furnace temperatures in oil burners reach from 2000° to 2400° 
F., and in extreme cases 2800° F., it is necessary to protect the 
boiler shell from the direct action of the flames. This is accom- 
plished by baffle plates and linings of refractory bricks. 

The use of natural gas under steam boilers is restricted to the 
few localities where the proximity of gas wells and their uniformity 
of flow make it possible. As a cheap and cleanly fuel, easily con- 
trolled and adapted to many conditions, it has great advantages. 

Owing to its scarcity and high cost, wood as a permanent fuel 
for steam power purposes has been largely superseded. It is only 
in frontier sections of the country that the supply is plentiful 
enough to warrant its use, and generally in such cases the wood 
burned occurs as a by-product of processes such as those of 
lumbering and paper mill operation. The hazard from flying 
sparks is great and the cost of transportation and handling is 
excessive. 

Many industries involve the use of materials which, after having 
performed their natural purposes, may be burned as waste products. 
Sugar cane from which the juice has been expressed, commonly 
known as bagasse, tan bark which has yielded its principle to the 
tan liquor, as well as chips, sawdust, leather parings and paper 
stock waste fall under this class of fuel. While many materials 
formerly classed as waste products are now turned to excellent 
account in manufactures, there still remains much refuse which 
alone can be burned. The design of conveyors and furnaces for 
such products is largely a matter of experiment and must be con- 
sidered as a special problem. 

In order to facilitate the selection of a reasonable figure for the 
number of pounds of water evaporated per pound of fuel, the 
following table has been compiled from the results of a wide range 
of tests. While the rate of consumption has some effect upon the 
evaporation, the kind of fuel is much more directly concerned. 
To discriminate between the evaporative efiiciencies of different 
types of boilers is a difl&cult and unsatisfactory task. The tight- 
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ness of the setting and flue connections, the design of the furnace 
and general operating conditions are more potent in determining 
the net output of a steam power plant than the exact type of 
generator chosen. Fractional differences in evaporation may be 
noted among various types of boilers but such figures are of more 
value as a basis for acceptance tests than as data for problems in 
design. Conservative values must be selected in the latter case 
if the boiler is to have a fair capacity for overloiad. Table XXVI 
gives safe figures for use in design, based upon the calorific value 
of various classes of fuel. 



TABLE XXVI. 

EVAPORATION. 

Lbs. of Water per Lb. of Fuel. 

Reduced to Standard Conditions. 

(From and at 212'' F.) 



Kind of fuel. 



Anthracite: 

Buckwheat 

Lump 

Coke: 

Broken 

Semi-bituminous: 

Run-of-mine 

Bituminous: 

Slack 

Eastern, run-of-mine 
Western, run-of-mine 

Lignite 

Fuel oil 



Approz. B.T.U. 
per lb. 



12,500 
12,000 

13,000 

14,500 

12,500 
13,500 
11,500 
9,500 
19,000 



Evaporation per lb. 
of fuel. Lbs. 



9.5 
9.0 

9.5 

10.0 

9.0 
9.5 
8.5 
6.0 
14.5 



The quantities in Table XXVI are expressed in terms of re- 
duced evaporation, namely, from and at 212® F. When it is 
desired to specify the actual evaporation per pound of fuel under 
given conditions of feed-water temperature and steam pressure, 
reference must be made to Table XXVII. The ratio of the heat 
required to convert into steam one pound of water under actual 
conditions, to that necessary under standard conditions, namely, 
from and at 212® F., is called the Factor of Evaporation. Actual 
evaporations multiplied by this quantity will give standard 
evaporations from and at 212® F. Standard rates of evaporation 
may similarly be reduced to actual ones by division. 
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TABLE XXVIL 
FACTORS OF EVAPORATION. 

For Various Feed-water Temperatures and Steam Pressures as com- 
pared with Evaporatioii from and at aia^F. 
Priming assumed 2 per cent. 









Gage Pressure. Lbs. per sq. in. 






Temperature of 
















feed water. 




















Decrees F. 


50 


75 


100 


125 


150 


175 


200 


225 


250 


32 


1.196 


1.201 


1.208 


1.212 


1.215 


1.216 


1.219 


1.221 


1.224 


35 


1.193 


1.199 


1.205 


1.209 


1.212 


1.214 


1.216 


1.218 


1.220 


40 


1.188 


1.193 


1.199 


1.203 


1.207 


1.209 


1.211 


1.214 


1.215 


45 


1.182 


1.188 


1.194 


1.198 


1.201 


1.203 


1.206 


1.208 


1.210 


50 


1.178 


1.182 


1.190 


1.192 


1.196 


1.199 


1.200 


1.203 


1.205 


55 


1.172 


1.178 


1.181 


1.187 


1.191 


1.193 


1.195 


1 . 198 


1.199 


60 


1.168 


1.172 


1.179 


1.182 


1.186 


1.188 


1.191 


1.192 


1.194 


65 


1.162 


1.168 


1.173 


1.177 


1.181 


1.182 


1.185 


1.187 


1.190 


70 


1.157 


1.162 


1.169 


1.170 


1.176 


1.178 


1.180 


1.182 


1.184 


75 


1.152 


1.157 


1.163 


1.166 


1.170 


1.172 


1.174 


1.177 


1.179 


80 


1.147 


1.152 


1.158 


1.161 


1.165 


1.168 


1.169 


1.171 


1.173 


85 


1.141 


1.147 


1.153 


1.156 


1.160 


1.162 


1.164 


1.166 


1.169 


90 


1.137 


1.141 


1.148 


1.151 


1.15.5 


1.157 


1.159 


1.161 


1.163 


95 


1.132 


1.137 


1.142 


1.146 


1.150 


1.152 


1.153 


1.156 


1.158 


100 


1.127 


1.132 


1.137 


1.141 


1.145 


1.147 


1.149 


1 . 151 


1.153 


105 


1.121 


1.127 


1.132 


1.136 


1.140 


1.141 


1.144 


1.146 


1.148 


110 


1.116 


1.121 


1.127 


1.132 


1.134 


1.137 


1.139 


1.140 


1.142 


115 


1.108 


1.116 


1.122 


1.127 


1.129 


1.132 


1.133 


1.136 


1.137 


120 


1.106 


1.111 


1.117 


1.121 


1.124 


1.127 


1.128 


1.131 


1.132 


125 


1.101 


1.106 


1.113 


1.116 


1.119 


1.121 


1.123 


1.126 


1.127 


130 


1.095 


1.101 


1.107 


1.111 


1.114 


1.116 


1.118 


1.120 


1.122 


135 


1.090 


1.095 


1.102 


1.106 


1.109 


1.111 


1.113 


1.115 


1.117 


140 


1.085 


1.090 


1.096 


1.101 


1.104 


1.106 


1.108 


1.110 


1.112 


145 


1.080 


1.085 


1.091 


1.095 


1.098 


1.101 


1.103 


1.105 


1.107 


150 


1.074 


1.080 


1.086 


1.090 


1.093 


1.095 


1.097 


1.100 


1.102 


155 


1.069 


1.074 


1.081 


1.085 


1.088 


1.090 


1.092 


1.094 


1.096 


160 


1.064 


1.069 


1.075 


1.080 


1.082 


1.085 


1.087 


1.089 


1.091 


165 


1.056 


1.064 


1.070 


1.075 


1.077 


1.080 


1.081 


1.084 


1.086 


170 


1.054 


1.059 


1.065 


1.069 


1.073 


1.074 


1.076 


1.078 


1.081 


175 


1.047 


1.054 


1.060 


1.064 


1.068 


1.069 


1.071 


1.074 


1.075 


180 


1.043 


1.048 


1.054 


1.059 


1.062 


1.064 


1.066 


1.069 


1.070 


185 


1.039 


1.043 


1.050 


1.053 


1.057 


1.059 


1.061 


1.063 


1.065 


190 


1.033 


1.039 


1.044 


1.047 


1.052 


1.054 


1.056 


1.058 


1.060 


195 


1.028 


1.033 


1.040 


1.042 


1.047 


1.048 


1.051 


1.053 


1.054 


200 


1.023 


1.028 


1.034 


1.037 


1.040 


1.043 


1.046 


1.047 


1.048 


205 


1.017 


1.023 


1.029 


1.032 


1.035 


1.039 


1.040 


1.042 


1.043 


210 


1.013 


1.018 


1.023 


1.028 


1.030 


1.033 


1.035 


1.037 


1.039 


212 


1.010 


1.016 


1.021 


1.025 


1.028 


1.031 


1.033 


1.035 


1.036 
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For example, let it be desired to find the expected actual evapo- 
ration per pound of mine-run bituminous coal for a horizontal 
return tubular boiler, using feed water at a temperature of 130° F. 
and carrying steam at a gage pressure of 125 lbs. per sq. in. As 
before, let the priming be assumed 2 per cent. The temperature 
corresponding to an absolute pressure of 139.7 lbs. per sq. in. is 
352.9° F. Consulting the heats of the liquid at the temperatures 
of the steam and feed water, it is evident that 

324.3 - 98.0 = 226.3 B.T.U. 

per pound will be necessary to raise the feed water to the steam 
temperature. To vaporize 98 per cent of the feed water into 
steam at an absolute pressure of 139.7 lbs. per sq. in. will require 

0.98 X 867.5 = 850.2 B.T.U. 

per pound. The total heat necessary to evaporate water under 
these actual conditions will, therefore, be 

226.3 + 850.2 = 1076.5 B.T.U. 

The ratio of this to the standard heat of vaporization from and 
at 212° F. 

1076.5 



969.7 



= 11.11 



is the factor of evaporation. Referring to Table XXVI the 
standard evaporation for the coal assumed above may be taken as 
9.5 lbs. per pound of coal. The actual evaporation will then be 

9.5 



11.11 



= 8.555 lbs. 



Conversely, if an old boiler has shown an actual evaporative 
capacity of 10 lbs. of water per pound of coal under the peculiar 
conditions given above, its reduced evaporation will be 

10 X 11.11 = 11.11 lbs. 

per pound of coal, and the design of a new boiler to replace the old 
one should proceed from the latter figure as a basis. 

68. Grate Surface. — After having calculated the total rated 
water consumption and the gross amount of fuel necessary for a 
given design, it next remains to apportion the grate surface. For 
every kind of fuel there is a certain rate of combustion which yields 
the greatest evaporative economy. When a very low draft pres- 
sure is used the oxygen of the air does not penetrate the fuel- 
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bed sufficiently to produce complete combustion. A large per- 
centage of fuel drops through the grate also. On the other hand, 
a very strong draft tends to carry large quantities of fine uncon- 
sumed fuel over the bridge wall and up the stack. 

In 1896 Mr. J. M. Whitham made a series of tests upon a 100 
horse-power horizontal multitubular boiler for the Philadelphia 
Traction Co., to determine the value of certain auxiliary furnace 
apparatus in gaining a more perfect heat absorption. The tests are 
reported in Vol- XVII, Transactions of the A.S.M.E. As a basis 
for this work he made a very complete series of standard boiler tests 



LBS. OF DRY COAL PER SO. FT. OF GRATE PEB HH. 
EFflCIENCY OF COMBUSTION 

BITUMINOUS COAL 

Fia. 105. 

with varying draft conditions. In the plot, Fig. 105, is shown the 
variation in dry coal consumed per horse-power per hour and the 
rafe of combustion. For rates above 20 lbs. of coal per sq. ft. of 
grate surface per hour there is a rapid diminution in efficiency. 
At the left end of the curve there is also a loss though not so pro- 
nounced. At the point of best efficiency the boiler was working 
under an overload comprising 170 per cent of its rated horse-power. 
The fuel was a uniform grade, run-of-mine Pennsylvania bitum- 
inous coal. 

As a basis for the calculation of the grate area, therefore, a rate 
of combustion must be selected which gives a large margin for 
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economy. Table XXVIII gives the results of many tests under 
varying conditions and may be taken to represent good average 
practice in apportioning the grate surface. The A.S.M.E. boiler 
rating states that the standard conditions include a draft in the 
flue just beyond the boiler of at least one-half inch water column. 
The quantities given in Table XXVIII can easily be attained under 
this draft pressure. 

TABLE XXVIII. 
AVERAGE RATES OF COMBUSTION. 
Lbs. per Sq. Ft of Grate Surface per Hour. 
Draft, i in. Water Column. . 



Fuel used. 


Stationary 
grate. 


Fuel used. 


StatioDary 
grate. 


Anthracite: 
Slack 


9 
12 
14 

20 


Bituminous: 

Slack 


14 


Buckwheat 


Eastern, run-of-mine 

Western, run-of-mine 

Lienite 


18 


Pea 


20 


Semi-bituminous : 


12 


Run-of-mine 


o ....■.^..•..•..•.•.. 









It is frequently the case that a new boiler is to be designed to 
replace an old one, the coal consumption of the latter having taken 
place under artificial or unusual conditions. It is then necessary 
to select constants which shall harmonize with the conditions of 
the previous design. The plot of Fig. 106 is inserted by special 
permission of the Babcock & Wilcox Co. It represents the coal 
consumption per sq. ft. of grate surface with a wide variety of 
draft pressures in the ash-pit. 

The intensity of natural chimney draft is greatest at the base 
of the' stack and rapidly diminishes along the pathway of the gases 
toward the ash-pit. This diminution is due to the frictional 
resistance offered by the flues, smoke passages and bed of fuel. 
With the ash-pit doors open as they should be, giving free access 
to the atmosphere, the draft pressure in the ash-pit just below the 
grate is negligible in amount. The greatest loss in the draft 
pressure is ordinarily due to the resistance in passing through the 
fuel upon the grate. The other losses occurring are those due to 
peculiarities in the setting, the turns in the uptake and the friction 
of the gases on the sides of the tubes and passages. Losses of the 
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latter character vary widely with the type of boiler and the arrange- 
ment of the setting. 

There are three different stations at which draft readings are 
ordinarily taken: (a) in the furnace just above the fire; (6) at the 
uptake damper where the hot gases leave the boiler setting; (c) at 
the base of the stack. In boilers having very complex settings 
other points of observation may be established along the line of 
the gases. Many experiments have been made to determine the 
probable sub-division of a given stack pressure among the various 
points of loss mentioned above. The losses in the fuel-bed and 
tubes are not constant for all gas velocities but vary widely with 
the coal consumption. This fact is attested by data furnished in 
connection with the tests reported by Mr. J. M. Whitham to 
which reference was made above. The return tubular boiler used 
in his tests was fitted with a return flue or pass along the top of 
the boiler shell. Draft pressures were measured in the furnace 
just over the fire, at the front end of the tubes in the smoke-box 
extension and at the uptake damper near the rear end of the top 
pass. The losses in the tubes and fuel-bed varied widely, while 
that in the top pass was a small and nearly constant one. The top 
pass is not often applied to multitubular boilers at present. From 
its connection at the front end of the setting it resembles somewhat 
the usual uptake, except that the latter is generally made of bare 
sheet iron. While these tests strictly apply to the above type of 
boiler only, they were carried out with such care and with so wide 
a range of combustion that they shed valuable light on draft per- 
formance in general. The plot in Fig. 107 is constructed from 
numerical data taken from Mr. Whitham's tables of draft and coal 
consumption. With the total draft measured in inches of water 
as abscissse the per cent loss at the fuel-bed, the internal gas 
passages and the external or top passage, respectively, are plotted 
as ordinates. Three very distinct lines result. The first shows a 
gradually falling percentage of loss at the fuel-bed, the second 
a slowly increasing per cent loss in the internal passages and the 
third a diminishing but nearly constant loss in the external 
passage. These results appear to be well founded and afford a 
very reasonable method of apportioning the total chimney draft 
among the three chief factors which absorb it. With natural draft 
showing an intensity of 0.50 in. of water at the stack, for example, 
it is reasonable to expect that the fuel-bed will absorb about 52 per 
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cent or 0.26 in. Referring with this figure to the plot of Fig. 106 
and the curve for Pennsylvania bituminous coal, the consumption 
as indicated is 22.0 lbs. per sq. ft. of grate surface per hour. This 
figure is precisely the consumption that Mr. Whitham's tests 
showed under similar conditions. 

While, strictly speaking, the above results are alone applicable 
to the type of boiler and fuel used in the tests, they afford at the 
same time interesting suggestions in regard to draft performance 
in general. Doubtless with different sizes of fuel and boiler tubes 
the percentage of sub-division would vary widely. It is not 
claimed that these experiments furnish exact data for all possible 
cases, but, as a reasonable approximation, it is believed that the 
curves of Fig. 107 afford a fair means of estimating the portion of 
the total draft which is available for combustion at the grate. 

In designing boilers, therefore, it is well first to measure or 
estimate the total available draft. Then by means of the plots 
in the two preceding figures, determine the percentage at the fuel- 
bed and the corresponding consumption of coal per square foot of 
grate. From this the necessary grate surface for a given gross 
coal consumption may be determined. The practical size of grate 
to use depends upon the type of boiler and is discussed in Art. 69, 
page 295, of the present chapter. 

When extra long uptakes are used or economizer apparatus is 
installed between the boiler and stack it is customary to make a 
gross allowance for the draft necessary to take account of such 
appliances. For uptakes 0.10 in. of water is allowed for each 100 
ft. of straight run and 0.05 in. of water for each right-angle turn. 
For well installed economizers a gross allowance of 0.30 in. of 
water is customary. 

69. Boiler Tubes. — The best grade of charcoal wrought iron 
was formerly used for lap-welded boiler tubes. This material was 
virtually superseded by welded soft Bessemer steel about ten 
years ago. Since 1910 seamless open-hearth steel, drawn either 
hot or cold, has become the material preeminent for boiler tubes. 
The steel ingot pierced and rolled is submitted to successive 
drawing operations, with the result that a tough reliable material 
is produced having neither seam nor weld throughout its struc- 
ture. Boiler tubes are sized according to the dimensions given in 
Table XXIX. The outside diameter is the nominal diameter of 
the tube. 
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TABLE XXIX. 

PROPORTIONS OF STA]!n>ARD BOILER TUBES. 

National Tube Co. 



Nominal 
















diam. 


Actual 














Actual ex- 


internal 


Thickness. 


External circumference. 


Internal circumference. 


ternal 


diam. 














diam. 
















Izm. 


Ins. 


Ins. 


B.W.G. 


Ins. 


Ft. 


Ins. 


Ft. 


H 


1.560 


0.095 


13 


5.498 


0.4582 


4.901 


0.4084 


2 


1.810 


0.095 


13 


6.283 


0.5236 


5.686 


0.4738 


2} 


2.060 


0.095 


13 


7.069 


0.5891 


6.472 


0.5393 


2i 


2.282 


0.109 


12 


7.854 


0.6545 


7.169 


0.5974 


2i 


2.532 


0.109 


12 


8.639 


0.7199 


7.955 


0.6629 


3 


2.782 


0.109 


12 


9.425 


0.7854 


8.740 


0:7283 


3i 


3.010 


0.120 


11 


10.210 


0.8508 


9.456 


0.7880 


3i 


3.260 


0.120 


11 


10.996 


0.9163 


10.242 


0.8535 


3: 


3.510 


0.120 


11 


11.781 


0.9818 


11.027 


0.9189 


4 


3.732 


0.134 


10 


12.566 


1.0472 


11.724 


0.9770 


4i 


4.232 


0.134 


10 


14.137 


1 . 1781 


13.295 


1 . 1079 


5 


4.704 


0.148 


9 


15.708 


1.3090 


14.778 


1.2315 


6 


5.670 


0.165 


8 


18.850 


1.5708 


17.813 


1.4844 



Nominal 
diam. 

Actual ex- 
ternal 
diam. 










Length of tube 




External transverse 
area. 


Internal transverse 
area. 


per sq. ft. of 
internal heat- 
ing surface. 


Wt. per ft. 


Ins. 


Sq. ins. 


Sq.ft. 


Sq. ins. 


Sq. ft. 


Ft. 


Lbs. 


u 


2.405 


0.0167 


1.911 


0.0133 


2.448 


1.679 


2 


3.142 


0.0218 


2.573 


0.0179 


2.110 


1.932 


2: 


3.976 


0.0276 


3.333 


0.0231 


1.854 


2.186 


2i 


4.909 


0.0341 


4.090 


0.0284 


1,674 


2.783 


2^ 


5.940 


0.0412 


5.035 . 


0.0350 


1.508 


3.074 


3 


7.069 


0491 


6.079 


0.0422 


1.373 


3.365 


3i 


8.296 


0.0576 


7.116 


0.0494 


1.269 


4.011 


3 


9.621 


0.0668 


8.347 


0.0580 


1.172 


•4.331 


3i 


11.045 


0.0767 


9.676 


0.0672 


1.088 


4.652 


4 


12.566 


0.0873 


10.939 


0.0760 


1.024 


5.532 


41 


15.904 


0.1104 


14.066 


0.0977 


0.903 


6.248 


5 


19.635 


0.1364 


17.379 


0.1207 


0.812 


7.669 


6 


28.274 


0.1963 


25.250 


0.1750 


0.674 


10.282 



The thickness of the walls of boiler tubes is usually made to 
conform to the numbers of the Birmingham Wire Gage. A thick- 
ness of tube can be obtained for special purposes, one, two, three, 
or four gages thicker than the standard. The wire gages and 
sizes concerned in boiler tube thicknesses are given in Table 
XXX. 
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TABLE XXX. 

BIRMINGHAM WIRE GAGE NUMBERS 

and 
CORRESPONDING BOILER TUBE THICKNESSES. 



Actual thicknecis 


Birm. Wire 


Actual thickness 


Birm. Wire 


of tube. 


Gage. 


of tube. 


Gage. 


Ins. 


No. 


Ins. 


No. 


0.095 


13 


0.165 


8 


0.109 


12 


0.180 


7 


0.120 


11 


0.203 


6 


0.134 


10 


0.220 


5 


0.148 


9 


0.238 


4 



For locomotive practice tubes iQUch heavier than those tabu- 
lated above are necessary. Such tubes are made both from seam- 
less and lap-welded steel. Their external diameters vary from 
li ins. to 3 ins. and each size is rolled with thicknesses of wall 
ranging through some nihe different wire gages. The actual 
dimensions can be procured from manufacturers' handbooks. 

There are two methods of specifying the limiting size of tube 
for a given case. The smaller the tubes the greater the total 
heating surface for the volume occupied in the boiler. Small 
tubes easily clog with soot and choke the draft. Large tubes are 
wasteful of room and fail in efficient heat absorption. 

A common rule is to allow one inch of nominal diameter for each 
4 ft. of length when bituminous coal is used, and for each 5 ft. of 
length when the fuel is anthracite, the boiler being operated under 
natural draft. With artificial draft, such as is generally used in 
marine and locomotive practice, tubes of much less diameter than 
those specified by the above rules can be used. 

A second method consists of prescribing an arbitrary limit for 
the ratio of length to nominal diameter which must not be exceeded. 
The value of this ratio is 48 and 60 respectively in the two cases 
given in the previous rule. For vertical boilers where the circuit 
of the flames is short and direct, the ratio is generally placed at 70. 
For horizontal multitubular boilers a ratio of 60 to 65 is found to 
work well unless the coal is of a very sooty character. In marine 
type boilers where the limited grate room demands a high rate of 
combustion combined with efficient heating surface, the ratio is 
often lowered to 40 or 45. 
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The number of tubes is determined from the practical relation 
of their total internal transverse area to the grate area. It has 
been found by experiment that the calorific or smoke area should 
range from onensixth to one-eighth the grate area. In vertical 
boilers where the entrance to the tubes is close to the grate and 
the contraction in area is sudden, the smoke area should constitute 
a fairly large percentage of that of the grate. In such cases the 
smoke area is generally made onensixth the grate area. Where 
the pathway of the gases from grate to tubes has considerable 
length, as in horizontal multitubular boilers, a ratio of onenseventh 
or one-eighth is found to give good results. The actual number 
of tubes to be used must be finally determined by the possibility 
of placing them satisfactorily in the proposed tube sheet. 

Commercial boiler tubes are usually trimmed accurately at 
the ends and vary in length by integral half feet. The distance 
between the tube sheets must, therefore, be made to conform to 
the over-all length of the tube. 

The fastening of the tubes into the sheet at their ends is a matter 
of great importance in the construction of pressure vessels. For 
ordinary methods the hole in the tube sheet should first be ac- 
curately bored to the exact outside diameter of the tube, and the 
sharp comers rounded on both the inner and outer surfaces to a 
radius of about ^ in. The tube end should project beyond the 
tube sheet surface a distance of J in. With tubes having plain 
ends the two following methods are employed. In the first a 
sectional tube expander is driven forcibly into the open end and 
distorts the tube as shown in Fig. 108. The central taper pin 
separates the segments of the expander and shapes the ribs both 
on the inside and outside of the tube sheet. This is known as the 
Prosser method. During the process the expander is frequently 
withdrawn and turned about to secure uniformity. 

Second, an expanding roller mandrel is introduced into the open 
end of the tube and rotated, swaging the tube firmly against the 
tube sheet. The latter is called the Dudgeon method. The pro- 
jecting end is left by this process as shown in Fig. 109, but may be 
spread by use of a conical tool to the flared shape shown in Fig. 108. 

The metal of the tube is not seriously injured by either of the 
above processes when skilfully performed, and tubes thus treated 
form efficient stays for binding together the two tube sheets. The 
action of the fire, however, on the projecting edge of the tube is 
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very severe and soon bums it away. Hence the tubes are al- 
most always subjected to the further operation of beading. This 
leaves the finished work in the form shown in Fig. 110 for the two 
methods described above. The form of beading tool used is shown 
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PnOSSER MCTHOO 
Eu. 108. 



TUBE EXPANDER 

DUDGEON METHOD 
FiO. 109. 

in Fig. 111. It is actuated either pneumatically or by hand. The 
tube material may become more or less granular under the opera- 
tion of beading, in which case its holding power as a stay is seri- 
ously impaired. In a series of tests in the laboratory of the 
Massfichusetts Institute of Technology made in April, 1910, Mr. 
C. D. Carey found the holdit^ power of 2^ in. tubes when beaded 
about 10 per cent less than when simply flared. The manner of 
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failure gave evidence of granulation produced by excessive beading. 
When the operation is carefully performed upon metal of good 
ductility, the holding powers of beaded and flared tubes are sensibly 
equal. The durability of beaded tubes in resisting the action of 
the fire is much greater than that of the flared type. 
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PROSSER DUDGEON 

BEADED TUBES 
Fig. 110. 

A third method of fastening the ends to the tube sheet is by 
electrical welding. After having been swaged to a tight fit by a 
roller expander, the protruding tube end is surrounded with a bead 
of soft steel electrically fused to place. This process is widely 
used in modem locomotives at the fire box end of the tubes where 
the intense heat and vibration tend to cause serious diflSculty. 
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BEADING TOOL 
Fig. 111. 

Where the effects of expansion are very severe upon the tube 
ends, ferrules are used. These consist of thin rings, either plain 
or beaded, made of soft copper, brass or steel, as shown in Fig. 112. 
There are two methods of application quite different from one 
another. The first is illustrated in Fig. 113. The tube hole is 
accurately bored to a diameter slightly larger than that of the 
outside of the tube, as shown at the right. Soft copper ferrules, 
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generally of the beaded pattern and not over xV in. thick, are then 
mserted in the holes and lightly rolled in place. Lastly the tube 
is introduced from the left and expanded and beaded securely as 
previously described. Such joints are generally made at the fire 
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TUBES 

SET WITH 

FERRULES. 

OUTSIDE METHOD 
Fig. 113. 

box end of the tube only. If both ends are to be ferruled a similar 
process may be employed. In locomotive practice the tube hole 
is sometimes bored of the same diameter as the outside of the tube. 
After rolling in the ferrule, the tube slightly swaged down at the 
end is inserted and expanded securely to place. This gives the 
fire box joint shown in Fig. 113 at the left. 

The usual sizes of soft copper ferrules for this purpose are given 
in Table XXXI. 
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TABLE XXXI. 

STANDARD SEAMLESS SOFT COPPER FERRULES. 

For Use upon Boiler Tubes* 

Procurable thickness of stock for all sizes ^, ^^ ^^, ^\, ^, ^^ , } in. 



Inside diam. 


Widths of ferrule. 


Ins. 




Ins. 
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1 i 
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Fig. 114 illustrates the second method of using ferrules. When 
the tube material is especially weak or thin and is therefore liable 
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to spring back and cause leakage, strong ferrules of hard brass or 
steel are driven into the inside of the tubes at the ends. By this 
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means the durability of the joint is enhanced and the tube ends 
are protected from the direct impact of the fire. To avoid choking 
the draft the tube ends are sometimes swaged out, as shown at the 
right in Fig. 114, to a diameter such that the smoke area is not 
contracted. 

60. Stay Tubes. — When the boiler pressure much exceeds 
150 lbs. per sq. in. and the tubes are spaced more than 2 ina. apart 
in the clear, it is necessary to adopt some other means than ex- 
panding and beading to insure the holding power of the latter as 
stays. For this reason tubes are often upset at the ends, threaded 
and screwed through the tube sheets, a check nut frequently being 
employed upon the outside, Fig. 115. With both ends thus 



I STAY TUBE 
Fig. 115. 

secured to place, it is necessary to have the pitch of the threads 
continuous in both sheets. With long tubes this is somewhat 
difiicult to obtain. After inserting threaded tubes, they are some- 
times expanded and beaded. In large marine boilers every third 
or fourth tube, horizontally and vertically, is often made a stay 
tube. Also when the presence of internal water legs requires the 
omission of certain areas of tubes, those left along the margin are 
fumbhed with nuts to enhance their holding power. Tube ends 
should be upset when threaded so as to leave the root area sub- 
stantially larger than that of the shank. 

The National Tube Company furnish upset and expanded boiler 
tubes of the five different patterns illustrated in Fig. 116, a to e. 
Only the first two forms with external and internal upsets are 
standardized. Tables XXXII and XXXIII on the following 
pages give the prescribed dimensions of these forms. Other sizes 
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can be procured but their manufacture is attended with difficulty 
and increased expense. The tabulated dimensions are specified 
upon a basis of 2^ ins. length of upset. 
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61. Strength of Boiler Tubes, Flues and Furnaces. — The 

theoretical discussion of tubes subjected to external pressure was 
given in Art. 19, page 63, Chap. IL Many practical rules and 
formulae have been suggested for finding the external pressure 
which tubes of certain diameter and thickness will sustain. The 
best summary of such practice is found in the Rules of the U. S. 
Supervising Inspectors of Steam Vessela, Edition of Jan. 13, 1914. 
All tubes, flues and furnaces are divided into four classes as 
follows: 
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Class I. Plain lap-welded or seamless tubes up to and including 
6 ins. external diameter. 

Class II (a). Plain lap-welded or seamless flues over 6 ins. and 
not exceeding 18 ins. external diameter. 

(6). Riveted flues over 6 ins. and not exceeding 18 ins. 
external diameter. 

Class IIJ. Riveted, seamless or lap-welded flues over 18 ins. and 
not exceeding 28 ins. in external diameter, made up in 
sections or courses. 

Class IV. Special furnaces having walls reinforced by ribs, rings 
or corrugations. 

Class I. — Tubes up to and including 6 ins. external diameter, 
if of standard thickness, may be subjected to external pressures 
in accordance with those given in the following table: 



TABLE XXXIV. 

MAXIMUM EXTERNAL WOREING PRESSURES 

for use with 

LAP-WELDED AND SEAMLESS BOILER TUBES. 

From 2 to 6 ins. external diameter. 



Nominal diam. 
External diam. 



Ins. 

2 

2i 

2J 

21 

3 

3i 



Standard 
thickness. 



In. 

0.095 
0.095 
0.109 
0.109 
0.109 
0.120 



Maximum 
allowable 
pressure. 



Lbs. per sq. in. 

427 
380 
392 
356 
327 
332 



Nominal diam. 


Standard 


External diam. 


thickness. 


Ins. 


In. 


3i 


0.120 


3i 


0.120 


4 


0.134 


4J 


0.134 


5 


0.148 


6 


0.165 



Maximum 
allowable 
pressure. 

Lbs. per sq. in. 

308 
282 
303 
238 
235 
199 



If a thickness greater than the standard one is used, the ex- 
ternal working pressure may be calculated by the formula 

(1386 + Fp)d 



where 



< = 



(124) 



86,670 

t = thickness of tube wall, ins., 
F = factor of safety, to be taken as 5 for usual cases, 
p = external working pressure, lbs. per sq. in., 
d = external diameter of tube, ins. 
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Class II (a). — Plain lap-welded or seamless flues, over 6 ins. 
and not exceeding 18 ins. external diameter and having no rivets 
except those at their end ring seams, may be subjected to the 
working pressures given in Table XXXV. It may be noted that 
the tabulation gives abstract thicknesses. There is a certain 
degree of standardization of tubes from 7 to 21 ins. external diam- 
eter, but the dimensions are not universally accepted. It is 
better, therefore, to stipulate abstract thicknessee and the corre- 
sponding pressures. 

TABLE XXXV. 

MAXIMUM EXTERNAL WORKING PRESSURES 

for use with 
LAP-WELDED AND SEAMLESS BOILER TUBES. 

Over 6 ins. and not exceeding i8 ins. external diameter. 



Nominal 




Thickness required for various pressures 


■ 




diam. Out- 
















tnAn HiAm. 
















of flue. 


100 lbs. 


120 lbs. 


140 lbs. 


160 lbs. 


180 lbs. 


200 lbs. 


220 lbs. 




sq. in. 


sq. in. 


sq. in. 


sq. in. 


sq. in. 


sq. in. 


sq. in. 


Ins. 


In. 


In. 


In. 


In. 


In. 


In. 


In. 


7 


0.152 


b.lGO 


0.168 


0.177 


0.185 


0.193 


0.201 


8 


0.174 


0.183 


0.193 


0.202 


0.211 


0.220 


0.229 


9 


0.196 


0.206 


0.217 


0.227 


0.237 


0.248 


0.258 


10 


0.218 


0.229 


0.241 


0.252 


0.264 


0.275 


0.287 


11 


0.239 


0.252 


0.265 


0.277 


0.290 


0.303 


0.316 


12 


0.261 


0.275 


0.289 


0.303 


0.317 


0.330 


0.344 


13 


0.283 


0.298 


0.313 


0.328 


0.343 


0.358 


0.373 


14 


0.301 


0.320 


0.337 


0.353 


0.369 


0.385 


0.402 


16 


0.323 


0.343 


0.361 


0.378 


0.396 


0.413 


0.430 


16 


0.344 


0.366 


0.385 


0.404 


0.422 


0.440 


0.459 


17 


0.366 


0.389 


0.409 


0.429 


0.448 


0.468 


0.488 


18 


0.387 


0.412 


0.433 


0.454 


0.475 


0.496 


0.516 



The thicknesses in the above table are calculated from formula 
(124) with a factor of safety of 5, and are applicable to lengths 
greater than six diameters of. the tube, to working pressures 
greater than 100 lbs. per sq. in. and to temperatures not over 
650"^ F. 

Class II (b), — Riveted flues over 6 ins. and not exceeding 18 
ins. external diameter, constructed of iron or steel plate not less 
than 0.25 in. thick, and put together in sections not less than 
24 ins. in length, are calculated for maximum allowable external 
pressure by the following formula: 

P-'-^, (125) 
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where p = external working pressure, lbs. per sq. in., 
t == thickness of plate, ins., 
d =^ external diameter of flue, ins. 

Class III, — Riveted, seamless or lap-welded flues over 18 ins. 
and not exceeding 28 ins. external diameter, riveted together in 
sections not less than 24 ins. nor more than 3| times the flue 
diameter in length, and subjected to external pressure only, are 
calculated for maximum allowable external pressure by the follow- 
ing formula: . 

P = ^ , (126) 

where p = external working pressure, lbs. per sq. in., 

t = thickness of wall in sixteenths of an inch, 

I = length of flue sections, ins., to be > 24 and <3J d, 

d = external diameter of flue, ins. 

Class IV. — The strength of special flues or furnace tubes having 
walls reinforced by ribs, rings or corrugations has been the subject 
of much controversy and experiment. While it is an easy matter 
to deduce the theoretical stresses in cylinders subjected to exter- 
nal pressure, such calculations are of but little practical value. 
Any departure from true circularity in the cylinder will bring 
into play forces far in excess of those originally calculated. 
Hence all useful formulae for this class of pressure vessels are in 
a sense empirical, dex>ending for their value upon experimental 
coefficients. 

The manufacture of furnace tubes is carried on in somewhat the 
following manner. A sheet of steel plate, sufficiently low in car- 
bon to weld readily, is scarfed along two opposite sides and rolled 
by ordinary plate rolls to a true circle. Powerful flame jets of water 
gas are directed accurately between the overlapping scarfs, bringing 
them to a welding temperature. The joint is then carefully welded 
by machine throughout its entire length. The plain furnace tube 
thus formed, after being heated uniformlj'^ in an oven, is introduced 
between corrugating rolls. The latter operation gives the tube 
its final form and at the same time reduces its length a considerable 
amount in consequence of the corrugations. To secure different 
thicknesses of metal the plate used, as well as the distance between 
the corrugating rolls, is varied. 
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The earliest attempts to strengthen plain furnace tubes against 
collapse took the form of angles or tees riveted to the exterior of 
the tube in the form of rings. All such arrangements massed large 
volumes of metal close to the fire and the life of the exposed rivet 
heads was naturally of short duration. Most of these forms are 
now obsolete, having been superseded by the modem corrugated 
furnace. The Rules of the U. S. Supervising Inspectors of Steam 
Vessels recognize three of these older types: 

(a) Plain circular flues riveted together in sections. 

(6) Plain circular flues flanged at the ends and riveted to 
Adamson rings. 

(c) Circular flues made up of corrugated rings riveted to- 
gether in sections. 

The material specified for use in such furnace tubes must have 
a tensile strength lying between 58,000 and 67,000 lbs. per sq. in. 
and an ultimate elongation of 20 per cent in 8 ins. Unless 
otherwise stipulated the plain portions at the ends of tubes of this 
kind must not exceed 9 ins. in length. 

(a) Riveted Tubes. — While there is some enhancement in 
strength from the double thickness of metal occasioned by making 
up flues in sections, the advantage is largely offset by the prob- 
abiUty of overheating and consequent deterioration. For low 
pressures and moderate service the proportions for such flues 
are calculated by formula (126) given on page 203. The thickness 
of wall in this formula must not be less than VV "!•> the length 
of sections not less than 18 ins. and the diameter of the flue not 
more than 42 ins. If any of the above conditions are exceeded, 
the wall of the flue must be stayed as a flat surface. 

(6) Adamson Rings, — The Adamson ring, Fig. 117(a), com- 
prises the most satisfactory method of reinforcing furnace tubes 
by means of riveted joints. The bulk of the metal comprised in 
the ring and rivet heads is well removed from contact with the fire. 
The lap edges can be beveled and given a preliminary calking 
against the ring. There is also some flexibiUty in the liberal 
flanges adjoining the ring. The following proportions are stipu- 
lated by the U. S. Supervising Inspectors: 

Length of section not less than 18 ins. 

Plate not less than fy in. thick. 

Radius of flange on fire side not less than three times the plate 
thickness. 
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Depth of flange not less than radius on fire side plus three times 

the driven rivet diameter. 
Thickness of flange as near that of plate as practicable. 
Lap on flanges at least one and one-half times driven rivet 

diameter. 







FURNACE CORRUGATIONS 

Fig. 117. 



Rivet diameter not less than plate thickness plus \ in. 

Depth of ring not less than three times driven rivet diameter. 

Thickness of ring not less than § in. 

When so designed, furnaces reinforced by Adamson rings 
may be subjected to pressures derived from the following 
formula: 



P 



108 0^ - 59Z 
d 



(127) 
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where p = external working pressure, lbs. j>er sq. in., 

t = thickness of wall in sixteenths of an inch, not to 

be less than V^ in., 
I = length of flue section, ins., not to be less than, 

18 ins., 
d = external diameter of flue, ins. 

(c) Corrugated Rings, — Occasionally furnace tubes are made up 
of rings corrugated at the center and riveted together circumfer- 
entially. Such furnaces are subject to the following stipula- 
tions: 

Length of sections not more than 18 ins. 

Total depth of corrugations, including plate thickness, not less 
than 2| ins. 

Ends accurately fitted into one another and substantially 
riveted together. 

Plain parts at ends not over 12 ins. long. 

When so constructed built-up corrugated flues may be calcu- 
lated for external pressure by the following formula: 

p^'^,, (128) 

where p = external pressure, lbs. per sq. in., 

t == thickness of tube wall, ins., not to be less than 

1^5 in., 
d = mean diameter of cylindrical portion, ins. 

The use of specially ribbed or corrugated furnaces has obtained 
exclusive acceptance in Scotch boilers. An attempt has been 
made, and with some success, to adapt such furnace tubes to the 
requirements of locomotive practice both in this country and in 
Europe. The exact form of the corrugation is an element of 
considerable importance and a vast number of types have been 
patented since the original effort of Mr. Samuel Fox in England. 
Of these the Fox, Morison, Purves, Brown, Leeds Bulb, Holmes, 
Farnley and Deighton have received more or less acceptance. 
The first three forms, however, are the ones most widely used, since 
they have been thoroughly tested and standardized by numerous 
Boards of Survey and Insurance. A specimen corrugation is given 
for each in Fig. 117(b), (c) and (d). It is to be noted that the 
metal is of uniform thickness in the Fox and Morison types while 
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the Purves has ribs of increased depth. The formula used in cal- 
culating the external pressure on such furnaces is of the form 

Constant Xi ,-on\ 

P = 2 ' ^^^^^ 

where p = external working pressure, lbs. per sq. in., 

t = thickness of wall, ins., not to be less than A in., 
d = mean diameter, ins., for Fox and Morison types 
and least outside diameter for Purves type. 

The constant used in the numerator is the quantity derived from 
experiment and upon it the working pressure directly depends. 
For the Morison type the constant equals 15,600 and for the Fox and 
Purves, 14,000 respectively. The pitch of the corrugations is 6 ins. 
in the Fox, 8 ins. in the Morison and 9 ins. in the Purves type. 
There is an essential difference in the manufacture of these furnaces. 
Fox and Morison furnaces are made from flat plate corrugated 
after weldmg to a circular form. The proportions of the corru- 
gations are always those shown in Fig. 117(b) and (c). The Purves 
furnace is ribbed while in the form of flat plate and is welded 
to a circular form thereafter. 

The inside diameter of these members is usually calculated in 
connection with the necessary grate area. After having calculated 
the thickness, the outside diameter can be found by reference to 
Fig. 117. These furnaces are generally riveted to flanges bent out 
from the tube sheets, hence their ends are left plain. For marine 
use the reverse is the case in as much as the furnace ends are 
flanged and riveted to flat tube sheets. With plain ends the fur- 
naces may be finished in either of three methods. First, both 
ends may be left slightly larger than the outer diameter of the 
corrugations to facilitate entrance through the tube sheet. A 
difference in diameter of J in. between that of the corrugation and 
of the tube sheet opening is sufficient. Second, both ends may 
be finished to conform to the lesser diameter of the corrugations. 
This would require a somewhat smaller flanged opening in the rear 
tube sheet. Third, one end may be left large and the other small. 
In ordering furnaces the designer should take careful thought in 
regard to their renewal and provide for its easy accomplishment. 
The cylindrical portion at the ends should never be more than 9 
ins. in length. 
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For marine use the combustion chamber end of the furnace is 
generally heavily flanged. To provide for entrance through the 
hole in the front tube sheet, the flanged end is made oval in out- 
line with its lower lip bent up sufliciently to allow the furnace to 
be tipped into place. 

Morison tubes, the type most widely used in this country, are 
obtainable in sizes varying in inside diameter from 28 ins. to 60 
ins., and in thickness from W in. to f in. It is not good practice to 
specify tubes exceeding these limits. 

Plenty of circulation space must be allowed around furnace tubes 
since they are rapid steam producers. When placed side by side 
the corrugations should be arranged to alternate so as to give a 
channel of uniform width between them. 

62. Diameter of Boiler. — The ratio of steam space to water 
space is generally chosen more or less arbitrarily with reference to 
the type of boiler to be designed. A small water volume conduces 
to irregularity in steam pressure and necessitates careful attend- 
ance. In the reverse manner a large body of water steadies the 
operation of the boiler and serves as a reservoir of energy for 
sudden demands. A ratio of steam space to water space ranging 
from one-half to one-third is found to work well in practice. 
The total volume of an externally fired boiler is made up of three 
parts, namely, that occupied respectively by the tubes, steam and 
water. Having calculated the size and number of tubes, their 
total external volume should be set down as the first item. From 
the steam space per horse-power as specified in the problem at 
hand, the gross volume occupied by the steam may be computed. 
Lastly, with the stipulated ratio of steam space to water space in 
view, the total number of cubic feet of water in the boiler may be 
determined. The sum of the above three items taken in connec- 
tion with the proposed length of tubes fixes the necessary diameter 
of the shell. 

The length of boiler is generally established by the ratio of tube 
length to diameter as discussed under Art. 59, page 191. Very long 
boilers may be used when gas or oil is the fuel. They are, how- 
ever, difficult to operate and are not as durable as those of less 
length. Table XXXVI gives a general idea of current practice in 
regard to boiler proportions. 

From the requisite volume and specified length of the boiler the 
transverse area and corresponding diameter may be found. Boiler- 
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TABLE XXXVI. 

USUAL PROPORTIONS OF BOILERS. 

Horizontal Return Tubular Boilers. 

International Engineering Co. 



Diam. of shell. 


Diam. of tubes. 


Ins. 


Ins. 


36 


. 2J, 3 .. 


42 


2t, 3 .. 


48 


2i, 3 .. 


54 


3, S .. 


60 


3, 3- .. 


66 


3, 3 .. 


72 


3, 3i, 4 


78 


3, 3J, 4 


84 


3. 3J, 4 


90 


3, 3i, 4 


96 


3, 3J, 4 



Length of tubes. 



Ft 

8, 10, 12 .. 

10, 12, 14 .. 

12, 14, 15, 16 

13, 14, 15, 16, 

14, .16, 18 

16. 17, 18, 20 

16, 18, 20 .. 

16, 17, 18, 20 

16, 18, 20 

16, 17, 18, 20 

16, 17, 18, 20 



18 



Vertical Fire-tube Boilers for Power Plant Use. 

Diam. of tubes, ins 2, 2i 

Length of tubes, ft 13, 14, 15, 16 

Dry Back Scotch Boilers. 
Continental Iron Works. 

Short type. 



Diam. of shell. 


Diam. of tubes. 


Length of tubes. 


Inside diam. of 
furnace. 


Length of grate. 


Ft. Ins. 


Ins. 


Ft. Ins. 


Ins. 


Ft. Ins. 


6 3 


3 


9 6 


(1) 36 


4 


6 6 


3J 


11 6 


(1) 36 


5 


7 


3i 


12 6 


(1) 38 


6 4 


7 6 


31 


12 6 


(1) 45 


6 8 


8 


3J 


13 


(1) 50 


7 3 


9 6 


3J 


12 6 


(2) 38 


6 4 


10 6 


3 


12 6 


(2) 45 


6 8 


11 6 


3i 


13 


(2) 50 


7 3 







Long type. 






6 9 


4 


16 


(1) 38 


6 4 


7 3 


4 


16 


(1) 41 


7 4 


7 9 


4 


16 


(1) 45 


8 


9 4 


4 


16 


(2) 38 


6 4 


10 


4 


16 


(2) 41 


7 4 


10 9 


4 


16 


(2) 45 


8 



Locomotive Type Boilers Without Dome. 
Hodge Boiler Works. 



niAm. nf 'ornint:. 


Length of 3 in. tubes. 


Dimensions of grate. 




Width. 


Length. 


Ins. 
36 
42 
48 
54 
60 
66 
72 


Ft. Ins. 

7 

8 

10 6 

11 

13 
15 
15 


Ft. Ins. 

2 6 

3 

3 6 

4 

4 6 

5 
5 6 


Ft. Ins. 
4 
4 2 

4 6 

5 
5 

5 6 

6 
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making machinery is generally arranged to handle shells varying 
in diameter by multiples of half feet. Hence it is rarely wise to 
adopt boiler diameters other than those which are multiples of six 
inches. The next commercial diameter above that calculated should 
therefore be chosen. This sometimes secures a large increase in 
the volume of the steam space per horse-power. 

The method outlined above for finding the boiler diameter is 
also followed for dry back Scotch boilers, except that the mean 
external volume of the furnace tube must be included with that 
of the fire tubes in determining the total volume. It is usually 
accurate enough to consider the various types of furnace tubes 
as plain cylinders, the diameter being that corresponding to the 
average depth of corrugations upon the outside of the tube. 

In vertical boilers the procedure is somewhat different. The 
water leg surrounding the furnace must have a minimum net 
thickness of at least three inches in order to secure circulation. 
The circular grate must have a diameter sufficient to burn the 
requisite fuel economically. There must also be a narrow annular 
expansion space between the grate and internal furnace wall. 
The height of the furnace is generally made about three-fourths of 
its diameter to give room for combustion. Having calculated the 
necessary diameter of grate, the proposed boiler diameter may be 
determined by adding the room necessary for expansion and for 
the water leg accommodations. The total volume of a vertical 
boiler. Fig. 147, page 262, is made up of four parts, namely, the 
respective spaces occupied by the furnace, tubes, steam and water. 
Having assumed the dimensions suggested above in regard to 
height and diameter of furnace, its volume can be computed. To 
this should be added the aggregate external volume of the tubes. 
The length of tubes is usually fixed with reference to their diam- 
eter and set down as one of the original specifications. Having 
adopted a diameter and total height for the boiler the normal 
mean water level, based upon the specified ratio of steam to 
water, may be established and the actual volume of steam per 
horse-power determined. The maximum mean water level as 
fixed by the least permissible steam volume per horse-power should 
also be noted in order that the possible variation in the super- 
heating surface may be obtained. 

Vertical boilers are divided into three classes with respect to the 
form of shell: (a) straight shell boilers; (6) Manning or "ogee 
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plate" boilers; (c) taper course boilers. The vertical straight 
shell boiler has a manhole in the middle course which permits in- 
spection and repair. There is provided an annular space between 
the shell and tubes of sufficient width to enable a man to pass 
around the boiler inside. Constructively this type is superior to 
the other two, but the degree of superheat obtained is naturally 
very small. 

The Manning boiler does not permit entrance for inspection 
and contains no stays in the upper head. *In order to obtain a 
furnace of reasonable dimensions with the restricted steam and 
water space characteristic of this type, the lower course is increased 
in diameter by means of a reverse curve just above the fire box. 
The severe treatment to which boiler plate must be subjected in 
order to shape it to this complicated form is liable to cause 
structural weakness. There is also considerable endwise stress 
tending to straighten out the reverse curve. When built with 
the best of flanging machinery and careful workmanship. Man- 
ning boilers have served through long periods with safety and 
efficiency. 

The taper course boiler is an attempt to gain the restricted 
steam space and consequent superheating efficiency of the Manning 
boiler without the use of the reverse curve. This type usually has 
a manhole and provides room for inspection in the lower part of 
the shell. A riveted joint in a tapering course is a difficult feature 
to calculate and still more so to construct. Hence the use of this 
type of boiler has been very limited. 

The diameter of the cylindrical shell for locomotive-type boilers 
is calculated by the general method outlined above for horizontal 
return tubular boilers, except that an approximation must be made 
in regard to the steam and water volume around the furnace. As 
a rough estimate the latter volume may be assumed to constitute 
about one-fourth that of the entire boiler. If it is desired to obtain 
a final steam space of 0.8 cu. ft. per horse-power, the cylindrical 
portion of the shell should, therefore, be designed on the basis of 
three-fourths of the latter quantity or 0.6 cu. ft. per horse-power. 
After having laid out the shell, water legs and furnace, and estab- 
lished the mean water level for a specified ratio of steam to water, 
the exact volume of steam per horse-power should be computed. 
Water legs are generally given a net inside width of at least three 
inches and the pitch line of the mud ring seam is set from 25 per 
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cent to 30 per cent of the boiler diameter below the exterior of the 
shell. With these proportions in view it is not difficult to calcu- 
late the final water volume and establish the exact ratio of steam 
to water. The contour of the furnace roof will be flat or curved, 
depending upon the type of staying to be used. 

63. Steam Space. — The volume of steam space per horse- 
power depends upon the rapidity with which the steam is with- 
drawn, the possibility of using a dry pipe or steam separator and, 
lastly, the relative amount of disengaging surface at the nor- 
mal water level. Restricted steam space conduces to wet steam 
and, if the boiler is rushed, to foaming. The usual volume per 
horse-power ranges from 0.6 to 0.8 cu. ft. per horse-power, and in 
rare instances the figure has been increased to 1 cu. ft. per horse- 
power. With the lesser of the above figures a dry pipe is generally 
used. Sometimes the requirement is specified that the volume of 
the steam space shall be adequate to supply the engine for 20 
seconds, under the assumption that the water furnishes no steam 
during the period. Knowing the volume of the engine cylinder at 
cut-off and the revolutions per minute, the steam space may be 
calculated. Or, again, the steam space may be calculated from 
the specific volume of the steam and the number of pounds con- 
sumed per hour by the engine. The more rapid the withdrawal 
of steam and the smaller the disengaging surface, the greater 
should be the steam space. 

64. Water LeveL — Taking the diameter of the boiler as 
determined, the net volume may be divided into steam and water 
space in the specified ratio by reference to the accompanying curve, 
Fig. 118. 

It is best in making this division to use the transverse area of 
the boiler rather than the volume. The curve is practically self- 
explanatory with the following nomenclature: 

Let A = total area of steam segment, 
D = diameter of shell or drum, 
h = height of the segment to be occupied by steam. 

Having found the gross transverse area of a proposed cyHndrical 

boiler, the total external transverse tube area should be subtracted 

from it, leaving the net volume to be occupied by steam and water. 

Dividing this in the ratio of steam space to water space, the value 

A h 

of TTo should be calculated and the percentage -p: found by reference 
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to the plot. This procedure locates the normal mean water 
level. 

The distance between gage cocks varies somewhat with the 
diameter and horse-power of the boiler. Less than 3J ins. of water 
above the top row of tubes is not safe and the lowest gage should 
be set at this uniform limit. When the disengaging surface is 
large, as in Scotch boilers, and small increments in the height of 
the segment correspond to large volumes of water, the gage cocks 
may be placed relatively close together. The reverse is true of 
those types of boilers having narrow confined steam spaces. 
Table XXXVII gives a general idea of current practice in this 
regard. 

TABLE XXXVII. 

WATER LEVEL REQUIREMENTS. 

Horizontal Return Tubular Boilers. 
Low water level 3} ins. above surface of tubes. 



Boiler diameters. 


Distance between 
gageoockfl. 


Ina. 

36, 42, 48 .. 
o4, oU . . 

66, 72, 78, 84 


Ina. 

3 
4 
5 



Vertical Fire Tube Boilers. 



36 to 48 incl. 
49 to 66 incl. 
67 to 96 incl. 
97 to 120 incl. 


4 
5 
6 
7 



Dry Back Scotch Boilers. 

Low water level 3§ ins. above surface of 
tubes for all diameters. Distance between gage 
cocks may be reduced to a minimum of 3 ins. 

Locomotive Type Boilers. 

Low water must be from 3 to 5 ins. above 
the upper surface of the crown sheet. The dis- 
tance between gage cocks is usually 3 ins. for 
all diameters. 
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In order to avoid priming there must not only be sufficient steam 
space in the boiler but a reasonable amount of surface for the dis- 
engagement of the steam bubbles as well. In horizontal cylin- 
drical boilers small changes in water level correspond to large 
variations in the amount of disengaging surface. The following 
table gives the average amount of disengaging surface per 
horse-power for a number of well designed boilers of various 
types. 

TABLE XXXVIIL 

DISENGAGING SURFACE PER HORSE-POWEIL 

Mean water level. 



Tjrpe of boiler. 


Disenmcing surface, 
sq. ft. per H.P. 


Horizontal return tubular 


0.70 to 0.80 
0.60 to 0.70 
0.16 to 0.20 
0.09 to 0.10 
0.80 to 1.00 
0.30 to 0.40 


Dry back Scotch 


Vertical straight shell 


Vertical (Mannine) 


Locomotive-type 


Sectional water tube 





In order to make more evident the variation in disengaging 
surface corresponding to a given change in water level in horizontal 
boilers, the plot of Fig. 119 has been prepared. The abscissse 
represent ratios of height of segment h to radius of shell R ; and 
the ordinates similar ratios of the total width of disengaging sur- 
face w to the radius R, 

Problem: 

A 100 H.P. horizontal return tubular boiler, 60 ins. in diameter and 17 ft. 
long, carries a mean water level 17 ins. below the top of the shell. What is 
the disengaging surface per H.P.? 

Solution: — 

= 0.567. 



From Fig. 119, corresponding 


1 = 1.80 


or 


w — 54.0 ins. 


Total disengaging area 


= ^^ X 17 
12 ^ " 




= 765 sq. ft. 



or 0.765 sq. ft. per H.P. 
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The above requirements for disengaging surface have of neces- 
sity to be greatly reduced in the case of very large boiler horse- 
power units. As a limit one-half the above specifications are 
sometimes found in boilers of 800 and 1000 horse-power. 

Having determined the position of the mean water line, the 
upper and lower gage cocks and the tops of the tubes should be 
located. It is frequently difficult to secure room enough for the 
requisite number of tubes, especially when there is a manhole in 
the front tube sheet. The water level in the boiler is often arbi- 
trarily raised for this purpose. Taking the minimum volume 
required for the steam space of the boiler, the highest possible 
position of the tubes should next be calculated. Preparatory to 
laying out the tube sheet a drawing should be made of the front 
head of the boiler with the normal and maximum tube levels 
indicated upon it. The placing of the water level in vertical 
cylindrical boilers is an easy matter, merely requiring the sub- 
division of the total boiler volume in the ratio specified for steam 
and water. 

66. Shell Thickness. — Taking into account the specified 
constants for boiler plate, a factor of safety of at least five and the 
efficiency of the proposed joint, the shell thickness may be read 
from the plot of Fig. 11, page 57. Boiler plate is readily procurable 
in thicknesses varying by ^ in. In rare cases the thickness of the 
shell may be taken to the nearest thirty-second of an inch, but 
such plate has to be specially 
ordered. The next commercial 
thickness above the decimal 
value calculated should usually 
be selected. For the shells of 
externally fired boilers -/V ^- ^ 
generally considered the maxi- p -20 

mum allowable thickness, due to 

the liability of thicker plates to overheat and bum. Shells ^^ in. and 
I in. thick, when necessary, present special diiEculty at the ring 
seam. The mass of metal at this point is very liable to be injured 
by overheating. To obviate this various designers have cut away 
part of the plate thickness locally, as shown in Fig. 120. The 
tension on the ring seam being small in braced cylindrical shells, 
this expedient is a safe one. In the same manner a reduction of 
thickness is frequently made at the seam where furnace tubes 
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FURNACE SEAM 
Fia. 12L 



are joined to the tube sheets of Scotch boilers. Fig. 121 shows 
the method by which this is accomplishefS. The metal in this 
seam is especially liable to deterioration if left full thickness, con- 
sequently the scarfing of each plate is a desirable expedient. 

Abrupt changes of thickness must be 
carefully avoided however. Before adopt- 
ing such an arrangement accurate calcula- 
tions to determine the least factor of safety 
should be made, assuming no help from 
the braces, tubes or stay rods. The effect 
of corrosion should also be included in 
such an investigation, since ring seams 
are liable to this reduction in strength. 

66. Tube Sheet. — Having determined 
the maximum and normal tube levels for 
horizontal cylindrical boilers, the detailed 
arrangement of the tube sheet should next 
be worked out. It should be kept in mind 
that the tubes are useful not alone in pro- 
viding heating surface and in conveying away the smoke, but also 
as stay rods, the expanding and beading at their ends making them 
very effective for this purpose. Too much unstayed plate between 
the tubes and shell is to be avoided, since its presence would 
necessitate isolated local stays. Such arrangements are rarely 
to be tolerated especially in small boilers. From the reverse 
standpoint the tubes must be kept a reasonable distance away 
from the shell in order to insure some flexibility and provide for 
differing degrees of expansion. The water circulation also de- 
mands a clear channel outside of the tube space. Hence the tubes 
are generally arranged to fill as uniformly as possible the space 
below the maximum tube level bounded by the arc of a circle 
3 ins. inside of the innermost course. 

It is never wise to locate one or two isolated tubes low down in 
the sheet close to the shell. They possess but little value as heat- 
ing surface, impede the circulation where the latter is most needed 
and displace a substantial amount of water which should be 
present to absorb the direct heat of the fire. It is a good rule to 
secure an uninterrupted segment of water not less than 6 ins. in 
depth over the furnace in all externally fired boilers. 
Whenever man- and handholes occur care must be taken that 
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the neighboring tubes do not encroach upon the room necessary 
for gaskets and flanges. 

The thickness of the tube sheet is generally first assumed and 
later taken into account in designing the staying system. As a 
rule the tube sheet should be either ^ in. or J in. thicker than the 
shell for horizontal cylindrical boilers. Tube sheets | in. thick are 
difficult to stay and those f in. and over in thickness ai;p too rigid, 
hence the thicknesses in general use are ^^ in., J in. and ^^ in. 
The effect of the thickness adopted upon the staying calculation 
is explained in Art. 68. 






MANHOLE OPENINGS 

IN 

FRONT MEAD 

Fia. 122. 

In modem boiler practice the flange at the margin of the tube 
sheet is rolled to shape with as little injury to the plate as possible. 
The tube sheet, heated to a bright red, is clamped in a flanging 
machine and its edge spun to the desired radius by internal and 
external rollers. Flanges thus formed may have an internal radius 
equal to the thickness of the plate as a minimum, but whenever 
possible two to three times the thickness should be allowed for 
the internal radius. Flanges so formed are a source of inherent 
rigidity to the adjacent plate. 

Man- and handhold should be so located that their gaskets shall 
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in all cases be provided with flat seats. Yokes or crabs should also 
be provided with adequate standing room upon the plate. Such 
openings should be placed as low down in the boiler head as the 
flanging operation above described will permit. When a flanged 
seat is provided for the manhole the reverse curve shown in Fig. 
122, at the left, may be used as a minimum arrangement. It is 
better, ho\\{ever, when possible, to provide at least one-half inch of 
flat plate c between the two portions of the reverse curve as shown 
at the right. When considering the proximity of tubes to flanged 
openings care must be exercised to secure flat plate against which 
the operation of beading the tube may be performed. Sometimes 
the synmietry of the tube sheet is locally disturbed in order to 
throw a few tubes nearer the outline of a man- or handhole. 

There are three general methods of tube arrangement for hori- 
zontal cylindrical boilers: (a) vertical rows; (b) diverging rows; 
(c) diagonal rows. 

Fig. 123 shows a typical sheet of the first class. The vertical 
and horizontal spaces between tubes should never be less than f in. 
in the clear, arid when possible the horizontal ones should be made 
1 in. A vertical circulation space at the center of the tube sheet 
is desirable. If used, its net width should be at least 2 ins. When 
more space than this is available care must be taken that the 
unstayed tube sheet in this locality is not liable to give way. In 
general the dimensions and ratios indicated in Fig. 123 should be 
given. 

Any additional room upon the upper horizontal rows of tubes 
may be taken into good account to secure better circulation. 
Fig. 124 shows a typical tube sheet arrangement with diverging 
rows. The central rows are arranged as shown with vertical center 
lines parallel with that of the tube sheet. The top row is then 
spaced out arbitrarily, so as to bring the right hand tube close to 
the three inch limit. This may give spaces between the tubes of 
decimal value. An over all measurement, however, will enable 
the tubes to be placed without difficulty. Near the handhole the 
tube spacing in a horizontal direction is restricted to f in. in the 
clear, and by stepping off the measurements fc fc fc, a maximum 
number of tubes are accommodated. This arrangement places 
the maximum circulation space where the steam bubbles are the 
most numerous and conduces to dry steam and easy operation. 

When it is very necessary to provide a maximum amount of 
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heating surface and the tube sheet area is of necessity restricted, 
the arrangement shown in Fig. 125 may be adopted. Where the 
boiler is in motion, such as in marine and locomotive practice, the 
steam bubbles will be detached from the tubes without special 
difficulty although the channels are as limited as shown. The 
distance between tubes in the clear should not be less than | in. 
in any direction and the arrangement should be such that the 
sediment from the top of one tube will not lodge upon its neigh- 
bor. For stationary boilers diagonal tube sheets are rarely used. 
Broken or irregular arrangements of tubes are never permitted, 
since they tend toward complication and mistakes in the final 
layout. 

In order to gain an idea of the possibility of a proposed arrange- 
ment, discs of paper or metal serving as templates to scale may 
first be laid down upon the drawing of the tube sheet outline. 
After such a trial an accurate location can be made. A complete 
vertical section from top to bottom of the tube sheet should be 
drawn, in addition to the elevation, for use in designing the 
staying later. 

In dry back Scotch boilers. Fig. 126, the spacing of tubes is 
usually in vertical and horizontal rows. For marine use the tubes 
may be placed on diagonal lines. On account of the size of the 
boiler unit and the violence of the ebullition within, more space 
should be left between the tubes than in the case of horizontal 
return tubular boilers. At least IJ ins. horizontally and 1 in. 
vertically should be left in the clear between tubes. The furnace 
tube directly over the fire constitutes very efficient steam generat- 
ing surface and therefore a central circulation space should always 
be provided in this type of boiler, its net width varying from five 
to ten inches with the diameter of the furnace tube. When two 
or more furnace tubes are used, it is well to have the corrugations 
arranged to come in alternation so that the circulation space be- 
tween them may be of uniform width throughout. T|ie distance 
in the clear between furnace tubes should not be less than 3 ins. 
and twice this amount is desirable when possible. The distance 
from the shell to the furnace tube may be determined the same as 
in the case of the manhole. Fig. 122, page 219. 

In order that the tubes may end inside of the brick lining of the 
combustion chamber, the outside of the tube area should not 
approach nearer than 4J ins. to the shell. The furnace tube 
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expands and contracts considerably, hence no fire tube should 
approach nearer than 3 ins. to the outside diameter of the 
corrugations. On account of the crowded steam space and large 
disengaging surface in this type of boiler the gage cocks are gen- 
erally placed but 3 ins. apart, and 3i ins. of water over the sur- 
face of the tubes is considered a sufficient amount for low water. 
Since the tube sheet above the tubes does not come under the direct 
influence of the fire except in a very limited degree at the rear head, 
much greater thicknesses of metal may be employed than in the 
case of externally fired boilers. 

Two types of tube sheets are used in vertical boilers, depending 
upon their location with regard to the water level. Fig. 127 shows 
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STANDARD TYPE SUBMERGED TYPE 

TUBE SHEETS 

FOR. 

VERTICAL BOILERS 

Fig. 127. 



an immersed or sunken tube sheet at the right and one of the 
standard pattern at the left. With the immersed head there is 
much less difficulty in making the tubes tight, and at the same 
time the life of the tubes and upper tube sheet is greatly pro- 
longed. The staying of the tapering section or "cone top" is so 
difficult, however, that this type of sheet is rarely attempted for 
boilers of more than 50 horse-power. 

Standard tube sheets in vertical boilers usually have their tubes 
arranged in parallel rows to facilitate cleaning. Fig. 128. It is 
good practice to leave one inch in the clear around each tube with 
the centers arranged on lines at right angles to one another. In 
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the shell just above the furnace, numerous small handholes should 
be located through which the sediment which collects between the 
tubes may be removed. It is a good plan also to locate two 
avenues or "streets" through the tubes, at right angles to one 
another, conmiunicating directly with four handholes in the shell. 
Such avenues should be 3 ins. wide in the clear. They are useful 
in cleaning and repair jobs, and permit the feed pipe to enter to the 
center of the boiler. The margin of plate outside of the tubes 
should be from 10 to 14 ins. wide for straight shell boilers and 
from 3 to 4 ins. wide for the Manning and taper course types. 
The boundary of the tube area should leave this margin as uni- 
form as possible in order that a good degree of flexibility may be 
secured in the tube sheet. 

In order to obtain the maximum amount of heating surface for 
a given boiler diameter, the tube sheets of locomotive-type boilers 
are usually arranged with diagonal rows as shown in Fig. 125, 
page 224. It is also possible in this manner to approximate more 
closely the tube sheet outline than when vertical and horizontal rows 
are used. In order to avoid stays within the tube area it is neces- 
sary that the latter shall approach the outUne of the tube sheet with 
considerable regularity. Fig. 129 shows the design of a locomotive 
boiler tube sheet. The curvature of the furnace roof is generally 
assumed after the tubes are placed. It is thus made to flt their 
outline with fair uniformity. Since the furnace roof and adjacent 
tube sheet are heated by the fire to approximately the same degree, 
the tubes may approach the tube sheet flange to the closest possible 
proximity, provided a suitable amount of flat plate be secured for 
beading purposes. On the other hand the proximity of the tubes 
to the outer shell of the boiler must be limited by a margin of at 
least 3 ins. The hot tubes will expand to a far greater degree than 
the cool shell and sufficient flexibility must be secured in the smoke- 
box tube sheet for this purpose. As in previous horizontal boilers, 
when possible, a central circulation space from 2 ins. to 2^ ins. in 
width is desirable. To facilitate cleaning, a handhole of standard 
dimensions must be located low down in the smoke box tube sheet. 
The proximity of the tubes to the handhole must not encroach 
upon the room necessary for the gasket. A minimum distance in 
the clear of J in. must be secured between the tubes both in a 
vertical and diagonal direction in order to provide the necessary 
room for circulation. 
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67. Final Ratios. — The relations between the heating sur- 
face, smoke and grate areas, and the steam and water volumes 
are generally noted in the specifications for a given design. They 
should be calculated after a final arrangement of the tubes has been 
made and accepted, so that they will represent actual conditions 
in the finished design. The following designations are used in 
expressing the ratios: 

H = the total heating surface in contact with the fire, 

G = area of the grate as finally adopted, 

C = calorific or smoke area consisting of the total internal 

transverse area of the tubes, 
S = the volume of steam included between the shell and a 
horizontal line through the position of the central 
gage cock as finally determined, 
W = net water volume in the boiler below the line of the 
central gage cock, 
H.P. = rated horse-power of boiler. 

XT 

p ranges from 35 to 45 in fire tube boilers, 37 being a good work- 

S 
ing value. ™, as previously cited, should lie between J and J for 

C 

most types of cylindrical boilers, p varies from J to J, the former 

for a short direct circuit of the gases and the latter for furnaces 

S 
where more efficient heat absorption is sought, t^t^^ may fall as 

low as 0.6 but 0.7 is a better limit where possible. 

In addition to the above, various other ratios are frequently 

specified. The heating surface per horse-power or fj-^^ is a relation 

upon which the capacity of the boiler is often based. The rela- 
tive value of heating surface in the different types of steam 
generators has been the subject of much discussion. While ex- 
ternally fired boilers are generally provided with from 10 to 12 
sq. ft. of heating surface per horse-power the latter figures are 
rarely reached with internally fired boilers. Without doubt the 
heating surface of furnace tubes and combustion chambers is from 
three to four times as efficient as that of smoke tubes and shells. 
Wherefore, Scotch boilers rarely exhibit more than 8 sq. ft. of heat- 
ing surface per horse-power. With proper design and handling the 
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latter figure is sufficient for a satisfactory boiler performance. In 
computing heating surface, the actual surface against which the 
fire strikes should be reckoned and not the surface in contact with 
the water. In the case of fire tubes this makes a considerable 
difference. 

The ratio of the uptake area to that of the grate is usually made 
i. With tight connections and tall stacks this figure can be greatly 
reduced. 

Some boiler makers specify the ratio of horse-power to grate 

H P 
surface or — ^' • With an evaporation of 9 lbs. of water per pound 

of dry coal and combustion at the rate of 20 lbs. per sq. ft. of grate 
surface per hour, 1 sq. ft. of grate surface will develop about 5j 
H.P. This value is directly dependent upon the relation of the 
ratios given above. 
Since 

H.P. X 34.5 = total water 
H.P. X 34.5 



= total coal 



or 



H.P. X 34.5 ^ . 

Q>^20 ^ ^^^ surface. 



Then 



H.P. 180 



G 34.5 
= 5.22. 

To the above ratios should be added that of the disengaging 
surface per horse-power as explained under Fig. 119, page 216. 

68. Staying. — One of the most important items in the design 
of any pressure vessel is the provision made for the rigidity of flat 
surfaces. In horizontal cylindrical boilers the upper portion of 
the tube sheet constitutes a surface of this class and great care 
must be exercised to insure its strength and durability. 

It is assmned that all the upper portion of the tube sheet in- 
cluded between a horizontal line one-fourth the tube diameter 
above the center of the top row of tubes and a circle drawn where 
the tube sheet flange begins is flexible plate and provision must 
be made for its support. The determination of this area is 
shown in Fig. 130. When the stability of other portions of the 
tube sheet is in question the same method may be used to deter- 
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mine its boundaries. The beading of tubes is a source of consider- 
able strength in their staying power, but it is an open question as 
to how far from their centers such rigidity extends. The above as- 
sumption is considered a conser- 
vative estimate of their holding 
power. The method just out- 
lined is believed to be applica- 
ble to all sheet flanges having an 
internal radius of not over 3 ins. 
Two methods of staying are 
in practical use: 
' (a) Through Rods. 

I (b) Diagonal Braces. 

' Most of the calculations for 

the latter form are covered by 
the discussion of the former type, hence through rods will be 
taken up first. 

(a) Through Rods. — Three limits will be assumed in placing 
stay rivets so that a reasonable degree of flexibility in the head 
shall be secured. 

(1) No rivet shall be less than 3 ins. from top of tubes or shell. 

(2) No rivet shall be less than 2j ins. from a neighboring rivet. 

(3) No through stay rod shall be less than 6 ins. from the shell. 
These limits should be regarded as prime essentials throughout the 
design. 

The procedure in designing through stays should be carried out 
according to the following order: 

/. Maximum spacing as regards plate. 
II. Maximum spacing as regards rivets. 

III. Arrangement of channels or angles. 

IV. Arrangement of rods. 

V. Final test for fibre siress in channels or angles. 
I. Plate Spacing. — In expression (69), page 78, is given Grashof's 
formula for the maximum pitching of rivets or stay bolts spaced 
on squares when considered from the standpoint of the stress in 
the plate. It b necessary in stayed surfaces of this character not 
only to prevent the rupture of the plate but to keep the deflection 
small as well, hence a factor of safety of not less than ten should be 



STAYING 



233 



employed. Taking the modulus of rupture of the flat steel plate as 
equal to its tensile strength the working fibre stress permissible for 
use in Grashof s formula would be 5500 lbs. per sq. in. Proceeding 
upon this basis the followiug table of maximum pitchings for vari- 
ous plate thicknesses and pressures has been computed: 



TABLE XXXIX. 

MAXIMUM SPACING 

Of Stayed Points on Squares. — Ins. 

Derived from Grashofs Formula. 









Working Preasure. Lba. per sq. in. 






Plate thickness. 


















Ins. 


50 


76 


100 


125 


150 


175 


200 


225 


250 


i 


6.56 


4.54 


3.93 


3.52 


3.21 


2.97 


2.78 


2.62 


2.49 


t 


6.95 


5.68 


4.92 


4.40 


4.01 


3.72 


3.48 


3.28 


3.11 


8.34 


6.81 


5 90 


5.28 


4.82 


4.46 


4.17 


3.93 


3.73 


t 


9.73 


7.95 


6.88 


6.16 


5.62 


5.20 


4.87 


4.59 


4.35 


11.13 


9.08 


7.87 


7.04 


6.42 


5.95 


5.56 


5.24 


4.98 


1 

■ ; 


12.51 


10.22 


8.85 


7.91 


7.22 


6.69 


6.26 


5.90 


5.60 


13.91 


11.36 


9.83 


8.80 


8.03 


7.43 


6.95 


6.55 


6.22 


< 


15.30 


12.49 


10.82 


9.67 


8.83 


8.17 


7.65 


7.21 


6.84 


16.69 


13.63 


11.80 


10.56 


9.63 


8.92 


8.34 


7.87 


7.46 


t* ' 


18.08 


14.76 


12.78 


11.43 


10.44 


9.66 


9.04 


8.52 


8.09 


19.47 


15.90 


13.77 


12.31 


11.24 


10.41 


9.73 


9.18 


8.71 




20.86 


17.03 


14.75 


13.19 


12.04 


11.15 


10.43 


9.83 


9.33 


1 


22.25 


18.17 


15.73 


14.07 


12.85 


11.89 


11.13 


10.49 


9.95 



Having recorded the maximum permissible pitching for the 
thickness of tube sheet and steam pressure in the case at hand the 
second feature may be taken up. 

//. Rivet Strength. — From the nature of the stresses in the 
head of a boiler and the severe effects of expansion and contraction 
it is evident that stay rivet material must be of the softest and 
toughest kind. Either, wrought iron or very soft steel is used for 
this purpose. Taking the tensile strength from 45,000 to 55,000 
lbs. per sq. in. and a factor of safety of 8, a working fibre stress 
ft = 6000 lbs. per sq. in. may be used. 



Let 



b = side of the square which the rivet will support, 

d = driven diameter of stay rivet, 

p = working pressure in the boiler, 

ft = working tensile strength of rivet material, 
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then 

i.^-(f)/. 



or 






(130) 



With the above value for rivet strength Table XL has been 
calculated, giving the side of square and the allowable area of 
plate which may be alloted to each stay rivet with various shank 
diameters and boiler pressures. 

Having chosen a tentative rivet diameter the corresponding 
quantities from the above table should be recorded before proceed- 
ing to the third step in the design. 

///. Arrangement of Girders. — When using through stay rods, 
channels or angles are riveted more or less intimately to the tube 
sheets above the tubes. The stay rods with nuts upon their 
external ends support the girders which these channels constitute, 
and bind the heads of the boiler together. Check nuts half as 
thick as standard ones are used on the inside to preserve staunch- 
ness and prevent leakage around the rod ends. A thin copper 
gasket is generally calked under the external stay rod nut for the 
same purpose. 

Fig. 131 illustrates the general procedure in staying the flat head 
of a horizontal cylindrical boiler with through rods. It is always 
desirable to have the distances A and B between successive hori- 
zontal rows of rivets as nearly equal as possible. This secures 
uniform deflections and fairly flat surfaces against which the stay 
rod nuts may rest. The distance from the upper row of rivets to 
the top of the flange curve must be made considerably larger than 
the spaces between rows in order to keep the stay rods back the 
required distance from the shell. The diameter of the boiler will 
determine roughly whether one, two or three girders shall be used 
in the upper part of the tube sheet. In horizontal cylindrical 
boilers from 48 to 72 ins. in diameter two girders are entirely 
adequate. In boilers of the Scotch type there is sometimes a 
necessity of using three girders. 

Having made a tentative vertical division with A = JS, Fig. 131, 
and a reasonable allowance extra at the top, a channel of suitable 
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size should be selected from the following table. Next the possi- 
bility of driving between the channel flanges two rivets of the 
chosen diameter, when placed A inches apart, should be deter- 
mined. Table XLI gives all the usual standard rollings of channels 
suitable for this purpose. It may be assumed that rivets can be 
driven satisfactorily so long as their heads rest on the flat web 
inside of the channel. 

When it is very desirable to keep the rivets as far apart as possi- 
ble the rivet heads, taken as 2 d in diameter, may be allowed to 
encroach a little upon the fillets, the minimum distance from the 
flange being \ in. as shown in Fig. 132. In any event the rivets 
should be spread as far apart as possible so as to load the stiff 
flanges rather than the web. In spite of these precautions A is 
often found to be less than B. A slight inequality is permissible, 
but if too great, a channel may be built up more nearly to suit 
the requirements of the case from some of the angles listed in Tables 
XLII and XLIII. While it is best to place the angles touching 
each other so as to present a good seat for the check nuts, some- 
times a much better rivet arrangement may be secured by spacing 
them a small distance apart. The distance between them should 
not exceed f in. Tables XLII and XLIII give all the standard 
rollings of angles suitable for use in boiler and tank staying. Since 
corrosion is liable to remove ^ in. from the surface of such internal 
members of a boiler, it is not wise to use angle or channel thicknesses 
less than f in. Angles are rolled without sloping sides, thus securing 
a good seat for the check nuts and obviating the use of special wash- 
ers. Care must be taken that the rivet heads do not encroach too 
far upon the fillets as in the case of channels. Various special rollings 
of angles and channels may be found by consulting the handbooks 
of steel companies. Such sections are not included in the tables. 

IV. Arrangement of Rods. — In order that a man may enter the 
boiler for inspection it is necessary that through stay rods be at 
least 16 ins. apart on centers under the manhole opening. This 
requirement forbids the use of through rods in boilers of small 
diameter unless braced apart. 

More than two stay rods are rarely used upon the upper row 
except in boilers of very large diameter. Upon the lower row it is 
the general usage to employ three rods, since the presence of a 
central rod as far below the manhole opening as would generally be 
the case, does not seriously interfere with the inspection. For low 
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TABLE XLI. 




Fia. 132. 



PROPERTIES OF 
STAia>ARD STRUCTURAL AND SHIP BUILDmG CHANNELS 

for use in Boiler Staying. 



a 


b 


Width 


Height 


of chan- 


of flange. 


nel. 




Ins. 


Ins. 


6 


1.920 


6 


2.038 


6 


2.160 


6 


2.283 


6 


2.563 


6 


2.813 


6 


3.063 


6 


3.500 


6 


3.560 


6 


3.685 




2.090 




2.198 




2.303 




2.406 




2.513 




3.313 




3.350 




3.438 




3.450 




3.500 




3.550 


8 


2.260 


8 


2.347 


8 


2.439 


8 


2.530 


8 


2.622 


8 


3.415 


8 


3.500 


8 


3.550 


8 


3.600 



Thickness 

of flange 

at top. 



Ins. 

0.200 
0.200 
0.200 
0.200 
0.303 
0.280 
0.280 
0.340 
0.460 
0.460 

0.210 
0.210 
0.210 
0.210 
0.210 
0.375 
0.375 
0.375 
0.475 
0.475 
0.475 

0.220 
0.220 
0.220 
0.220 
0.220 
0.475 
0.475 
0.475 
0.475 













/c.o. 


€i 




m 


Xi 


/c.u. 


b-xi 


Thickness 


Radius 


Thick- 


Dis- 


Inch 


Inch 


of flange 


of fillet. 


ness of 


tance 


units. 


units. 


at bottom. 




web. 


to CO. 






Ins. 


Ins. 


Ins. 


Ins. 






0.487 


0.30 


0.200 


0.52 


0.70 


0.50 


0.487 


0.30 


0.318 


0.50 


0.88 


0.57 


0.487 


0.30 


0.440 


0.52 


1.10 


0.65 


0.487 


0.30 


0.563 


0.55 


1.30 


0.74 


0.488 


0.34 


0.313 


0.74 


2.10 


1.10 


0.500 


0.50 


0.313 


0.81 


2.60 


1.30 


0.500 


0.50 


0.563 


0.80 


3.50 


1.60 


0.410 


0.25 


0.350 


1.08 


5.20 


2.10 


0.530 


0.25 


0.410 


1.18 


6.80 


2.90 


0.530 . 


0.25 


0.535 


1.16 


7.80 


3.10 


0.523 


0.31 


0.210 


0.55 


0.98 


0.63 


0.523 


0.31 


0.318 


0.53 


1.2 


0.71 


0.523 


0.31 


0.423 


0.54 


1.4 


0.79 


0.523 


0.31 


0.528 


0.56 


1.6 


0.87 


0.523 


0.31 


0.633 


0.58 


1.9 


0.96 


0.425 


0.35 


0.313 


1.01 


4.8 


2.1 


0.425 


0.35 


0.350 


0.99 


5.1 


2.2 


0.425 


0.35 


0.438 


0.96 


5.7 


2.3 


0.525 


0.35 


0.450 


1.05 


6.7 


2.8 


0.525 


0.35 


0.500 


1.05 


7.1 


2.9 


0.525 


0.35 


0.550 


1.04 


7.5 


3.0 


0.560 


0.32 


0.220 


0.58 


1.3 


0.79 


0.560 


0.32 


0.307 


0.56 


1.6 


0.87 


0.560 


0.32 


0.399 


0.56 


1.8 


0.95 


0.560 


0.32 


0.490 


0.57 


2.0 


1.0 


0.560 


0.32 


0.582 


0.59 


2.3 


1.1 


0.525 


0.35 


0.415 


0.99 


6.9 


2.9 


0.525 


0.35 


0.500 


0.99 


7.4 


3.0 


0.525 


0.35 


0.550 


0.98 


7.8 


3.0 


0.525 


0.35 


0.600 


0.98 


8.2 


3.1 



Weight 
per foot. 



Lbe. 

8.0 
10.5 
13.0 
15.5 
12.5 
13.0 
18.1 
15.0 
19.0 
21.5 

9.75 
12.25 
14.75 
17.25 
19.76 
15.6 
16.5 
18.6 
20.9 
22.1 
23.3 

11.25 

13.76 

16.26 

18.76 

21.26 

21.6 

23.8 

25.2 

26.5 
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TABLE XLII. 




OF STAnDASD STRUCTURAL ANGLES 
for use in Boil«r StaTing. 
Equal legs. 



axb 


e 




*l 




lea. 






ThickDw 




EH>to»»(o 


le.Q. 




Waightpw 


uUe. 


olltWi. 


fili«. 






'' 


toot. 


In.. 


In.. 


In.. 


IQ^ 


iDcb unii.. 


T^h"iisui: 


—Q^T- 


3X3 






V 


0,84 


1-2 


0.S8 


4.9 


3X3 








0.S7 


1-5 


0.71 


6.1 


3X3 








0.89 


1.8 




7.2 


3X3 


t 






0.91 


2,0 


0.95 


8-3 


3X3 




. 


0.93 


22 


1.1 


9,4 




t 






0.99 


2.5 


0.98 


7,2 








1.01 


2.9 


1,2 


8-5 




i^ 






1.04 


3 3 


1,3 


9.8 




V 






1.06 


3.6 


1,5 


11-1 




p 






1,08 


4.0 


1,6 


12,4 








1.10 


4.3 


1,8 


13,6 


4X4 


p 






1.12 


3.7 


1.3 


8.2 


4X4 






1,14 


4,4 


1.5 


9,8 


4X4 


t 






1.16 


5.0 


1.8 


11,3 


4X4 






1,18 


5,6 


2,0 


12,8 


4X4 


A 






1,21 


6,1 


2.2 


14,3 


4X4 






1,23 


6,7 


2.4 


16.7 


4X4 


1 






1,25 


7.2 


2.6 


17,1 


4X4 








1.27 


7,7 


2.8 


18.5 


6X6 


i 






1,64 


15,4 


35 


14-9 


6X6 


t 






1,66 


17,7 


4.1 


172 


6X6 






1,68 


19,9 


4.6 


19,6 


6X6 


A 






1 71 


22.1 


5.1 


21,9 


6X6 










1,73 


24,2 


5,7 


24.2 


6X6 




i 






1,75 


26,2 


6,2 


26.5 


6X6 










1,78 


28.2 


6,7 


28-7 


6X6 




i 






1,80 


30.1 


7,2 


31.0 


6X6 










1,82 


31 9 


7,6 


33.1 


6X6 




i 






1.84 


33.7 


8.1 


35.3 


6X6 


1 " 






1.86 


35,5 


8.6 


37.4 
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PROPERTIES OF STANDARD STRUCTURAL ANGLES 

(or use in Boiler StaTing. 

Uaequal legs. 



aXb 






Xi 






It 










Thict 


Rxliui 


Dinane* 


;cLo..-. 


fan. .-I r 


u- 


/<].«. t-i 


lc.1. t-t 


W<i«ht 


ofiuxl*. 




at fill«. 


to CO. 


i-iT " 










™. 








lo 










1^ 


liu. 


!». 


Id., 


"S~ 


iDCh 
UDiU. 


"^ 


Inch 


Inch 


'IbiT 


3X2 


i 






0,66 


o"^ 


0.66 


91 




0°56 


4-5 


3X2 


V 




4 


0.68 


0.90 


68 


93 


1.4 


69 


5.6 


3X2 


1 




*, 


0,71 


10 


071 


96 


1.7 


81 


6.6 


3X2 


/» 




\ 


073 


1.2 


0.73 


98 


1.9 


0.93 


7,6 


3iX2 


1 




^ 


0.61 


0.78 


0.41 1 


11 


18 


0.75 


4.9 


31X2 


t 




^ 


0,64 


0.94 


0.50 1 


14 


2 2 


93 


6.1 


3)X2 






0.66 


1.1 


0.59 1 


16 


2 6 




7,2 


3iX2 


i^ 




i 




12 


0.68 1 


18 


2.9 


l'3 


8,3 


3iX2 






0^70 


1-4 


0.76 1 


20 


3.2 


1.4 


9.4 


3iX3 


t 






0,81 


1.6 


0.72 1 


06 


2.3 


96 


6.6 


31X3 






0.83 


1.8 


0.85 1 


08 


2 7 


1.1 


7.9 


31X3 


t 






0.85 


2.1 


0.98 1 


10 


3-1 


13 


9.1 


3|X3 
3|X3 








2.3 


1.1 1 


13 


3.5 


1.5 


10.2 


ft 






0.90 


2,5 


1,2 1 


15 


3.8 


1.6 


11.4 


4X3 


p 






0,76 


1,7 


0.74 1 


26 


3,4 


1.2 


7.2 


4X3 






0.78 


1.9 


0.87 1 




4.0 


1.5 


8.5 


4X3 


t 






0.80 


2.2 


1,0 1 


30 


4.5 


1.7 


9.8 


4X3 






0.83 


2.4 


1.1 I 




5,0 


1.9 


11.1 


4X3 


t 






0.85 


2.7 


1,2 1 


35 


5.6 


2.1 


12.4 


4X3 






0.87 


2.9 


1,4 I 


37 


6.0 


2.3 


13.6 


5X3 


t 






0,68 


1.8 


0.75 1 




63 


19 


8.2 


6X3 






0,70 


2.0 


0.89 I 


70 


7.4 


2.2 


9.8 


5X3 


t 






0.73 


2-3 


1,0 1 


73 


8.4 


2.6 


11 3 


5X3 






0,75 


2.6 
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pressures two rods only need be employed upon the lower row. 
The channels thus riveted and supported may be considered to 
constitute uniformly loaded continuous girders extending across 
the boiler heads. They are supported at four or more points. 
The stiff flange at the sides forms the outer pair of supports and 
consequently the girder should be made long enough to reach as 
far toward the shell as the flat portion of the head will permit. 
The stay rods with their check nuts constitute the remaining 
supports. 

Having assumed the center space 16 ins. on the upper row, the 
outer spans of this continuous girder may be measured from the 
drawing. The lower stay rods are spaced symmetrically, the dis- 
tance between them varying from 14 ins. to 20 ins., depending 
upon the pressure and amount of plate to be stayed. With three 
rods on the lower row the spacing rarely exceeds 16 ins. The four 
spans on the lower continuous girder may, therefore, be deter- 
mined from the drawing. The calculation of the supporting forces 
and bending moments of a continuous girder is somewhat complex, 
involving an extended application of the beam theory. The three 
assumptions that the supports are in line, that the girder is of 
uniform section throughout and that the load is uniformly dis- 
tributed, so simplifies the matter that plots like the accompanying 
ones, Figs. 135 and 136, can easily be constructed from which may 
be read the desired quantities. 

In the plot of the four-support girder. Fig. 135, the central span 

y is taken as a variable, passing in value from to L. It is easily 

.1/ 
seen that the ratio y- as fixed by the particular problem at hand 

enables the values of Si, Sj, Sz and Sa to be determined in terms 

of w the load per unit of length and L the total length of the girder. 

The assumption that the supports are in line brings about the 

condition that, with large values of y, the outer supporting forces 

become negative. In other words, for values of 4 greater than 

0.57 the outer ends of the girder have to be held down in order to 
keep the supports in line. If they are not held down the girder 
becomes a simple overhung beam resting on two supports. It 

will be noted that, for j- = 0.57, the value of S2 = S3 is -^ which 

naturally follows. 
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In the plot for a five-support girder, Fig. 136, the sum of the two 
equal central spans is made the variable. Here for a value of 

J = 0.554 the supporting forces S2, Sz and S4 are equal, a desir- 
able condition in stay rods. This same condition may be expressed 
by saying that when each df the equal central spans is 27.7 per 
cent of the girder length, the values of S2, Sz and S4 are equal. 

Again it will be noted that for values of j greater than 0.74 

the outer supporting forces, Si = Ss, become negative. Also for 

« 

y = 0.326 the central supporting force Sz becomes zero and for all 

y 

greater values of j- the center of the girder must be held down in 

order to keep the supports in line. If the center is not held 
down the case reverts to the previous one, a four-support girder 

with central span y. To confirm this, it will be noted that for 
y = 0.33 the values on the four-support girder, St = Sz, are the 

same as S2 = ^84 on the five-support girder, namely, 0.36 wL. 

The distributed load u?, to be used per unit of length, is that 
which naturally belongs to the girder in question. It is found as 
indicated in Fig. 131. Lines mn and pq are drawn midway between 
rows of rivets to indicate the boundaries of plate supported. The 
height of this area multiplied by the working pressure per square 
inch as represented by the shaded rectangle gives the load per 
unit of length on the lower girder. 

In the case of the upper girder the division of load between the 
top row of rivets and the shell is determined hj the method indi- 
cated in Fig. 137. A series of lines should be drawn forming equal 
angles with the upper rivet row and a tangent to the shell. By 
pricking oflF halfway from the rivet line to the shell along these 
mean radials, a curved load line st^ Fig. 131, is determined. This 
varying load is approximated by the horizontal line uv and the 
shaded load rectangle is found as before. 

Many cases occur where it is desirable to divide a loaded area 
between straight and curved lines. An easy method for doing 
this is shown in Fig. 137. In staying problems when it is desired 
to allot an unsupported area aps between a row of stay rivets ab 
and the shell, the following method is believed to give a fair sub- 
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divisioii. Let ab represent the straight line, the curve being the 
upper arc of the circle. A series of lines oCy od, oe and of will form, 
respectively, equal angles with the chord ab and a tangent at their 
points of intersection with the arc. If a series of points ghij be 
pricked off halfway between the chord and arc, the locus gk will 




method of drawing 
me;an radials 

Fig. 137. 

divide the area fairly between the straight and curved lines. The 
lines oCj od, oe and of are called mean radials to the chord and arc. 
Referring to Fig. 137, the proof of their relation to the tangents 
is as follows: 

Drawing the dotted construction lines as shown. 

Angle B' = Angle il' 
since triangle mns is isosceles. 

But Angle A = Angle A' 

and Angle B = Angle J3' 

since their sides are mutually perpendicular. 

Hence Angle A = Angle B, 

Q.E.D. 

Lines similar to on then, forming equal angles with the chord 

and tangent, are fair ones on which to lay off the dividing line gk. 

Having determined the several loads the diameter of the stay 
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rods should next be found. It is not customary in boiler practice 
to use stay rods of diflFerent diameters in the same boiler. Hence 
the largest supporting force should be selected and the shank 
diameter of all the through rods based upon it. Stay rods are 
always upset at the threaded end so that the diameter at the root 
of the thread is substantially greater than at the shank. Table 
XLIV accompanied by Fig. 138 gives the usual proportions of 

TABLE XLIV. 
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upset stay rods and the loads which they will sustain. The latter 
are based upon a tensile strength of 55,000 lbs. per sq. in. with a 
factor of safety of seven. As soon as the rod loads are determined 
the size can be selected directly from Table XLIV by inspection. 
Before accepting a shank diameter it is well to be sure that corro- 
sion to the depth of i*^ in. over the rod surface will not render it 
liable to be strained beyond the elastic limit at the test pressure. 

F. Final Test for Fibre Stress in Channels or Angles. — Having 
drawn the stay rods in position with standard nuts upon their ends, 
Fig. 131, it next remains to space the rivets along their respective 
rows. Since the locality around the check nuts possesses great 
inherent strength it would hardly be fair to space the rivets uni- 
formly between stay rod centers. Hence a line xx' is drawn across 
each check nut at a distance from its center equal to one-half the 
long radius of the hexagon and the unsupported plate is supposed to 
begin at this point. The rivets are then spaced equally between 
the lines xx\ as shown. In order to insure as flat plate as possible 
for the nuts to rest against, four rivets must always be placed 
symmetrically around each stay rod. An additional rivet on each 
row is then spaced in when necessary halfway between the above 
mentioned rivets and the flange curve. With very high pressures 
two rivets may be needed. The manner of determining the load 
upon each rivet is indicated by the shaded areas in Fig. 131. In 
general, a line is drawn halfway between each rivet and its nat- 
ural neighbor. The areas of the figures thus determined, when 
multiplied by the working pressure, give the loads sustained by 
the rivets. In no case should these areas exceed that given in 
Table XL for the rivet and pressure at hand. 

The determination of the areas supported by the rivets near the 
flange curve is attended with some question but the method out- 
lined in Fig. 139 appears to be a fair one. When a series of rivets 
abc are irregularly arranged in proximity to a stiff curve st the 
rivet centers should first be connected by the straight lines shown 
and the perpendiculars fg, Ai, etc., erected at their central points. 
These lines form the boundaries of the areas in a radial direction. 
Between the rivets and the circumference, the dotted line jk is so 
drawn as to form the locus of points equidistant from the successive 
rivet centers and the stiff line st. That is, bo equals am and bp 
equals pn. Such a line, therefore, together with the perpendicu- 
lars, forms the boundary of the shaded area supported by the rivet 
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b. This principle is applicable to many other cases where the load 
sustained by stays is in question. The method was employed in 
Fig. 131 and the value of the results is there plainly evident. 

When the resulting figures 
are quadrilaterals of some 
regularity, the areas may 
be found approximately by 
direct measurement. When 
very irregular, a planimeter 
may be required to gain a 
fair value of their extent. 

It is found from the theory 
of continuous girders that the 
maximum bending moment 
usually occurs over a sup- 
port, while that in the spans 
is much less in amount. 
♦ With check nuts and stiff 
plate reinforced by the chan- 
nel itself, the bending mo- 
ments at the supported points 
in the continuous girders at 
hand are largely eliminated 
and those in the spans become the more important ones. 
Also the fact that the supports may not be in line, due to differ- 
ences of expansion in the rods and shell, tends seriously to dis- 
arrange the theoretical calculation of the bending moments. 
Hence at this point in the design the continuous girder assumption 
is dismissed and a conservative check calculation made, consider- 
ing the channels between stay rods as beams merely supported at 
the ends and subjected to loads concentrated at the various points 
where the rivets take hold. The approximate length of beam 
shown in Fig. 131 is assumed and, from the area of plate which 
each rivet supports, the concentrated loads are calculated. The 
reaches of channel from stay rods to shell are rarely overstrained. 
With the same channel used throughout in the staying, the most 
severely loaded beam should be selected and calculated for fibre 
stress. The working modulus of rupture of the angles or chan- 
nels in this calculation should not exceed 14,000 lbs. per sq. in. on 
the compression side, indicating a factor of safety of approximately 
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four. The maximum bending moment divided by this quantity 
gives the section modulus which may be compared directly with 
the values given in Tables XLI, XLII and XLIII. 

The above procedure completes the usual calculation for girder 
stays and, if carefully pursued, will give a safe and satisfactory 
design. 

(6) Diagonal Braces. — The design of diagonal stays is carried 
out in somewhat the same order as that followed for through rods. 
Figs. 140, 141 and 142 show the three general types of diagonal 
stays at present most used. The Scully brace is made from one 
piece of soft steel pressed to shape in a forging machine, no welds 
being allowed. For general use the sizes given in Table XLV 
are obtainable. 



TABLE XLV. 
PROPORTIONS OF SCULLY BOILER BRACES. 


Diam. of body. 


Sue of head end. 


Sim of shell end. 


Area of body. 


Ins. 

li 

lA 

li 


Ins. 

6jX2iXA 

6§X2iXi 

6iX2iX| 


Ins. 

8iX3iXA 

8iX3iXi 

8iX3iXA 


Sq. ins. 

0.994 
1.108 
1.227 



Length may vary from 24 ins. to 108 ins. inclusive by incre- 
ments of six inches. 

The Huston brace is made of folded weldless steel plate. At its 
head end it is well reinforced by wide fillets and at its shell end by 
raised ribs along the sides. The thickness of metal from which 
this brace is made ranges from | in. to J in., depending upon the 
pressure in the boiler in which it is used. The lengths range from 
24 ins. to 78 ins. inclusive by increments of 6 ins. 

The McGregor brace is also made of folded metal but differs 
from the preceding one in the formation of its head. The latter 
is split and bent to a T-shape. Weldless material, varying in 
thickness from f to § in., is used throughout. The shank areas 
are as follows: 

For f in. thickness, 1.13 sq. ins. 

For ^^ in. thickness, L31 sq. ins. 

For I in. thickness, 1.63 sq. ins. 
The lengths are the same as for the Huston brace. 
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All the above diagonal stays are designed to seat two | in. rivets 
spaced 4 ins. apart at both ends and are supposed to contain 
enough material in their shanks to sustain the maximum rivet 
loads with a factor of safety of seven or eight. It is evident that 
the brace tension will increase with the slope of the stay. The 
shell angle is generally limited to 20 degrees with an extreme max- 
imum of 30 degrees. The distance between the rivets at the shell 
end may be increased to 6 ins. if necessary when the brace is an- 
chored to the rivets of a longitudinal seam. In any event the 
first rivet in the shell anchorage should come as near the bend in 
the brace as it can be driven so as to remove as effectually as 
possible the tendency for the brace to straighten out under pres- 
sure. In general a rivet in the shell end of a brace should not come 
nearer than 3 ins. to a ring seam. Diagonal braces are furnished 
by the manufacturers with the heads and shanks forged straight 
as in Figs. 140, 141 and 142. The head of the Huston brace is 
given a slight angle by its method of manufacture. When ready 
for insertion in the boiler the brace is heated and forged to the 
exact shape required. The holes, previously drilled in the boiler 
head and shell, are then "scribed" through upon the brace and 
accurately located so as to secure as snug a fit as possible. 

Fig. 143 shows the method of arranging diagonal braces in the 
upper portion of the tube sheet of a horizontal cylindrijcal boiler. 
The spacing of the braces must be such as to load the rivets as 
equally as possible. Since this form of staying is of itself some- 
what more flexible than through rods, the limiting conditions to 
secure flexibility need not be so severe. The following limits 
should be observed: 

(1) No rivet shall be less than 3 ins. from the shell, 

(2) No rivet shall he less than 2j ins, from a neighboring rivet or 

the top of tubes. 

(3) No stay rod head shall be less than 5 ins. from the shell. 
The following is the method of procedure: 

/. Maximum spacing as regards plate. 

II. Maximum spacing as regards rivet. 

III. Arrangement of braces, 

I V. Test for tension in braces. 

V. Test for stresses in anchor rivets. 
I and II are carried out by tabular reference as described under 
through rods, and form the basis of the arrangement of the braces. 
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///. Arrangement of Braces. — Having determined the area of 
plate to be stayed, as in the previous case, an estimate may be made 
of the number of layers or zones of braces required. To do this 
divide the total height of the segment to be stayed by the maxi- 
mum sheet spacing as denoted by Table XXXIX. The next 
integer above the quotient obtained will indicate the number of 
zones in the staying. Thus suppose the maximum sheet spacing 
from Table XXXIX to be 5.40 ins. Then, if the height of the 
segment to be stayed is 18 ins., there will be four zones and three 
layers of braces will be required. Hence the height of the seg- 
ment should be divided graphically into four concentric zones as 
indicated in Fig. 143. These lines indicate the circular rows of 
brace rivets. Had only two layers of braces been needed the 
segment would have been divided, into three concentric zones. 
Diagonal stays should next be spaced along the several circles 
with a uniform distance of 4 ins. between rivets. This is a desir- 
able arrangement since it gives uniform loads on all the rivets. 
The method, however, can rarely be carried out as directly as the 
above would indicate, inasmuch as the procedure is liable to result 
in an irregular boundary line km for the lower rivet centers. This 
line should be approximately straight, and by varying the dis- 
tance from brace to brace this condition can be secured. The 
spacing of the braces in each zone, however, must be entirely 
uniform. The manner in which the area supported by each rivet 
is determined is clearly indicated in Fig. 143. It is sometimes 
desirable to employ the method of loci shown in Fig. 139, page 248, 
to determine the lower rivet loads. In order to bear its load in 
the most advantageous manner possible, each brace should reach 
back radially to the shell for support. Care must be taken that 
the braces do not thus conflict. A slight deviation from the radial 
position is permissible where braces are of necessity anchored to 
the rivets of longitudinal seams. The radii of the various rivet 
zones and the chordal distances between rivet centers should be 
indicated to the nearest ^ inch. 

IV, Test for Tension in Braces. — Having found a satisfactory 
spacing the maximum load for each brace should be determined. 
Since the braces slope the tension in the body will be much greater 
than the tube sheet load, increasing with the shell angle. It is not 
necessary to analyze the stress for each brace contained in the 
boiler. With a little care the brace under the severest conditions 
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of loading may be selected and its analysis made to serve as a limit 
for all the other braces used. Graphical methods are the easiest 
to employ in this connection. A factor of safety of seven or eight 
should be secured on a basis of 60,000 lbs. per sq. in. ultimate 
tensile strength. 

y. Test for Stresses in Anchor Rivets. — The rivets which anchor 
the brace to the shell and head should be calculated graphically 
for tension, shearing and bearing pressure, and large factors of 
safety secured in order to avoid excessive local stresses. No 
anchor rivet should approach within 3 ins. of the ring seam 
pitch line. When a brace must of necessity be anchored to a longi- 
tudinal seam, the rivets in the anchor pad should be made to con- 
form in their spacing with those selected for the purpose in the joint. 

Staying ai Bottom of Tube Sheet. — When a manhole is employed 
in the front head of a horizontal boiler and the requisite number 
of tubes are omitted for its insertion, there is left a considerable 
area of unstayed plate in the rear tube sheet. Careful provision 
must be made for supporting this area, the location of which pro- 
hibits the use of large masses of metal. It is impossible to rivet 
channels or stiffen ers of any kind directly to the .tube sheet, since 
the combined thickness of metal would cause overheating and 
consequent burning. Fig. 144 shows a satisfactory method of 
arranging the stays at this point. To the rear tube sheet are 
riveted two heavy angles turned flange to fiange and set off from 
the plate a minimum distance of 3 ins. by pipe thimbles or spacers 
inserted upon the rivets. The thimbles are simply 3 in. 
lengths of one inch pipe cut with squared ends. Rivets H in. in 
diameter are generally used for this purpose to insure staunchness. 
The angles are set far enough apart to permit the insertion be- 
tween them of a solid forged stay rod eye. The eye is made as 
wide as the diameter of the stay rod of which it is a part and is 
securely pinned to the angles. These stay rods reach to the front 
end of the boiler, spreading a little if necessary, pass through the 
tube sheet and are secured by nuts and check nuts. Their hori- 
zontal center line at the front tube sheet should not be lower than 
that of the manhole opening. The slight amount of spreading 
necessary does not hinder making a tight joint at the front sheet, 
a soft copper gasket being calked under the nut for the purpose. 
The following calculations should be made to insure sufficient 
strength. 
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/. Maximum spacing as regards plate. 

II, Maximum spacing as regards rivet 

III. Calculation of size of rod. 

IV. Calculation of eye. 
V. CalcuUdion of pin. 

VI. Calculation of angles. 

I and II. Plate and Rivet. — The first two of the above items 
are found as before by tabular reference and are the prime essen- 
tials in making the further calculations. 

///. Size of Rod. — The area of plate to be stayed is determined 
as before by assuming the flange and tube lines as boundaries. 
The mean radial lines he and eh. Fig. 144, should next be drawn in 
such a position that each is approximately equal to the maximum 
allowable plate spacing, as taken from Table XXXIX. Then the 
plate outside of these lines is stiff enough to take care of itself while 
the portion between them must be stayed. Next divide the un- 
stayed area by planimeter or otherwise into two equal parts by the 
horizontal line fg. This is the center line of the rear staying 
system. Assuming a width of eye varying with the pressure in 
the boiler from IJ to If ins., lay out a tentative pair of angles 
from those given in the tables of standard sections. Four rivets 
are generally employed on the upper line and six on the lower, in 
order to reach the remote areas near the shell. The spacing on the 
lower line is generally somewhat greater than on the upper. From 
the temporary arrangement thus laid out, the actual rivet loads 
may be found by the principles described under Fig. 139. The 
irregular line bounding the rivet areas is the locus of points equally 
distant from the stiff lines and rivet centers. The area which 
each rivet supports should next be planimetered and the individual 
rivet loads at the working pressure calculated. The total of all 
the rivet loads is the load upon the stay rods. The threaded ends 
of the stay rods are based upon the proportions given in Table 
XLIV. From the data just calculated the size of rods may, there- 
fore, be ascertained. It is desirable that the width of the forged 
eye shall be equal to or somewhat greater than the shank diameter 
of the rod. The width of eye should conform to the distance 
between angles previously assumed. 

IV. Rod Eyes. — Without going into the theory of link eyes, 
it is a safe assumption, in cases of this character, to make 
the area on the section mn^ Fig. 144, 50 per cent in excess of 
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that employed in the rod shank itself. These proportions taken 
into account with the pin diameter will give a tentative size of eye. 

V. Pins. — Taking the statical moments of the individual rivet 
loads about the vertical center line of the boiler, the proper point 
for the attachment of the stay rods to the angles may be located. 
Or if an integrator is at hand the center of gravity of the aggregate 
rivet areas may be found mechanically. A pin having an assumed 
diameter a little less than that of the stay rod should be used to 
complete the fastening of the stays in place. The pin should be 
calculated as a beam supported at the ends and loaded with a 
distributed load equal to the full stay rod load. With a suitable 
modulus of rupture, a factor of safety of 4 or 5 should be secured 
in the material forming the pin. The pin holes should be located 
as near the center of gravity of the angles as possible. 

VL Angles, — The upper angle should be calculated as a beam 
supported at the pin centers and loaded at the rivet centers. 
The lower angle constitutes an overhung beam and the bending 
efifect between the pin centers is generally of minor importance. 
Its ends, however, should be calculated as cantilevers from the 
pin centers outward. As in the case of girder stays the factors 
of safety resulting from such calculations should not be less than 
4 when based on an ultimate modulus of rupture of 55,000 lbs. 
per sq. in. 

The location of the stay rod ends at the front tube sheet is 
illustrated by Fig. 144. The unstayed area, indicated by the 
shading, is determined precisely as before. The manhole area as 
far out as its flange line is considered inherently stiff. The center 
of gravity o of the shaded portion is therefore the correct position 
for the stay rod anchorage. As was remarked above, this point 
should be approximately upon the center line of the rear staying 
system. The exact location of o may be found by integrator or 
calculation. 

Through Stay Rods in Scotch Boilers. — In Scotch boilers the 
removal of the upper portion of the tube sheet from direct con- 
tact with the fire makes it possible to replace the channel girders, 
previously described, with very heavy washers check-nutted upon 
the ends of the through rods. By this means the load upon a large 
area of the tube sheet is transferred to the stay rod. The thick- 
ness of the tube sheet itself may be made much greater in this 
type of boiler than in those where the heat of the fire is received 
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by plate having^ behind it steam only. Fig. 145 shows the con- 
struction lines necessary in laying out this kind of staying. The 
unstayed plate is determined as before by drawing the flange 
curve and stiff line of the tubes. Across this area a series of 
mean radial lines should be drawn according to the principles de- 
scribed in Fig. 137, page 245. Pricking off halfway from the tube 
line ta the flange curve, the medial line stu of the unstayed plate 
may be located. This curved line is the one upon which the stay 
rods are placed. 

To determine the maximum allowable distance between stayed 
points, reference should be made to Table XXXIX, page 233. The 
lines op and qr are next located by experiment, each equal in length 
to the maximum plate spacing and so placed as to form mean 
radials to the flange curve and tube line. These lines, therefore, 
define the limit to which the plate is inherently stiff. 

The washers used in this class of staying range generally from 
6 to 8 ins. in diameter, varying by half inches. They are 
beveled slightly on the edge to facilitate calking and are generally 
of the same thickness as the tube sheet itself. Having assumed a 
tentative diameter of washer from the general extent of the surface 
to be stayed, a template to scale should be cut out of paper repre- 
senting each washer to be used. As in the case of beaded tubes, 
it is here also a question as to how far the stiffness of the washer 
extends from its center. As a conservative estimate it is assumed 
that the washers are inherently stiff to a distance from their centers 
equal to the radius of the washer itself minus the thickness of 
the metal used. This "stiff circle*' should be drawn upon each 
washer after which they may be laid upon the drawing along the 
medial line. The washer templates may next be placed by trial 
so that the reaches of plate between their stiff circles and the 
boundaries op and qr, Fig. 145, will be sensibly equal. The centers 
should finally be located some specified distance both horizontally 
and vertically from the center lines of the boiler. Lastly, assum- 
ing that the arrangement appears to be a satisfactory one, the 
method of loci described in Fig. 139 should be employed to find 
the area of plate stayed. Thus the shaded figures as shown 
are bounded by the loci of points equidistant from the flange line, 
the stiff circle of the washer and the tube line. Using a planim- 
eter the extent of these areas may be found, and this multiplied 
by the working boiler pressure will give the normal load upon the 
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stay rods. Consulting Table XLIV, page 246, a diameter of 
stay rod may be selected to fit the most severe case, and .as 
before, this diameter should be use's for all rods above the tubes. 
The nut upon the outside should be full standard and that upon 
the inside half standard in thickness. If in every case the 
reaches of plate between washers, tubes and shell fall below the 
maximum allowable spacing, the staying may be considered 
satisfactory. 

The above method may also be extended to the case of large 
Scotch boilers where several rows of stay rods are needed. The 
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areas will differ in form from those found above but the principles 
applied will be the same. 

Rear Tube Sheet Stays, — In Scotch boilers it is generally neces- 
sary to install large handholes in the front head at the sides of 
the furnace tubes near the shell. The omission of the tubes 
necessary for this purpose leaves a wide expanse of unstayed plate 
in the rear tube sheet. To determine whether this area must be 
stayed or not the procedure illustrated in Fig. 146 should be 
employed. Drawing the stiff line of the tubes and the fiange 
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curves for the furnace and shell, as previously described, the area 
abed is determined. If the width of this figure, in a direction radial 
to the furnace and shell, is greater than the maximum allowable 
plate spacing in the head a stay rod is necessary. Let op, drawn so 
as to form equal angles with the two flange curves, represent the 
maximum plate spacing. The area abop must then be supported 
by the use of angles pinned to a stay rod in much the same manner 
as was previously described in Fig. 144, page 255. Four rivets 
are generally employed with 3 in. thimbles to permit circulation 
against the sheet. Having located the rivets as symmetrically 
as possible by trial the individual rivet loads are found by the 
method of loci described in relation to Fig. 139, page 248. With 
the sum of the rivet loads as the gross tension, a stay rod with 
forged eye should be designed, its forward end finding an anchor- 
age in the reinforcing pad around the handhole opening. A slight 
amount of angularity is permissible where the rod joins the fr6nt 
tube sheet. 

Staying in Vertical Boilers. — In vertical boilers there are two 
localities where sta3rs are necessary, namely around the margin of 
the upper tube sheet and in the water legs. If the upper portion 
of the shell is contracted, the tubes may come near enough to the 
periphery of the tube sheet to stay it without additional assistance. 
In straight shell vertical boilers it is always necessary to use one 
or more zones of diagonal stays to strengthen the upper tube sheet. 
On account of the intense heat of the fire, stays cannot well be 
attached to the lower tube sheet. The necessity for their use is 
avoided, first, by flanging the lower tube sheet to a liberal radius 
and, second, by giving the furnace wall a gentle inward slope as 
it rises from the mud-ring. Fig. 147 shows the staying of the 
upper tube sheet and water leg as well as the manner in which the 
lower tube sheet joins the furnace wall. A slope of 2 or 3 ins. in 
the height of an ordinary furnace is allowable. 

The unstayed plate at the circumference of the upper tube sheet is 
determined by the principles illustrated in Fig. 130, page 232. The 
flange curve is drawn where the flat plate begins and the tube circle 

at an approximate distance 7- inside of the tube area. Naturally 

the latter determination is somewhat indefinite. If the unstayed 
area is wider than the maximum allowable plate spacing as deter- 
mined from Table XXXIX, page 233, at least one row of stays will 
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be needed. These should be uniformly spaced on the medial 
circle abc with 4 ins. between rivets. This spacing will rarely fit 
the medial circle. The distance between braces must, therefore, 
be varied to fit the case. With the diameter of the medial circle 
and the total number of braces given, the stays can be located 
without difficulty. For ease in la3dng out, the total number of 
braces should be a multiple of two or four. The determination 
of the shaded figures representing the area stayed per rivet is 
evident from the illustration. This area must not exceed that 
given in Table XL for the rivet and pressure in question. Where 
tubes are omitted locally to give easy access through the man- 
hole as at mn, it is generally necessary to use a second row of stays. 
Their spacing and calculation follows the method outlined above. 

Lastly the true rivet loads must be computed and the tension, 
shearing and bearing pressure kept low enough to avoid local dis- 
tortion at the shell. 

In the water legs stay bolts must be pitched, both vertically and 
circumferentially, so as to keep the furnace wall safe against col- 
lapse. The lowest ring seam in the outer shell should come approx- 
imately opposite the lower tube sheet ring seam. As was noted 
under water leg joints, Figs. 100 and 101, page 149, the strength of 
the furnace course in the outer shell is largely dependent upon the 
stay bolts. Above the region of the stay bolts, therefore, the 
longitudinal joint must at once pass to a type of high efliciency. 
The water space should be at least 3 ins. wide at the bottom 
and the mud-ring is generally made from 2^ to 3 ins. in depth. 
Starting at the mud-ring seam, Fig. 147, a trial vertical spacing 
kk should be made with the maximum allowable plate spacing 
from Table XXXIX as a unit. To prevent burning, the furnace 
wall is generally restricted to -/^ in. or less in thickness. This 
quantity should be used in referring to the table. This uniform 
spacing, reduced if necessary, must reach the location of the lower 
tube sheet ring seam. If the levels of the ring seams in the lower 
tube sheet and shell are approximately the same, the arrangement 
may be considered satisfactory. 

In large fire boxes the cylindrical form of the furnace is not 
considered to incorporate any added stiffness, since the external 
pressure tends to produce collapse. Hence the furnace wall is 
stayed circumferentially as if it were flat plate, the unit from 
Table XXXIX being the same as was used for the vertical spacing. 
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The stay bolts should be spaced on the outside circumference of 
the furnace wall at its largest diameter. Here again the total 
number of spaces should be a multiple of two or four, the pitch 
being slightly reduced to make such a number possible. The 
uniformity of stay bolt spacing should not be disturbed, but when 
necessary, the stay bolts may pass through more than one thick- 
ness of the outer plate. This makes it possible to use cover plates, 
pads and reinforcements on the outside of the shell without chang- 
ing the position of the stay bolts. In the region of fire doors 
where there are stiff flanges present, the stay bolts may be occasion- 
ally displaced a little from their natural position. 

It next remains to select a suitable size of stay bolt to bear the 
loads which the above spacing will impose upon them. The 
boundaries of the areas supported per stay bolt are located in the 
usual manner, and when multiplied by the working pressure, these 
areas will give the stay bolt loads. Table XL VI gives the dimen- 
sions usually adopted for stay bolts. Most railroads and boiler 
makers employ 12 threads per inch irrespective of the shank 
diameter, but 10 threads per inch have been used for the larger 
sisses. For U. S. Standard thread, the root diameter equals the 
shank diameter minus 1.30 times the pitch of the thread. If 
sharp V-thread is used the latter factor is 1.73 times the pitch. 
The following table has been calculated for U. S. standard threads: 

TABLE XLVI. 

STANDARD PROPORTIONS 

of 
SOLID BOILER STAT BOLTS. 

12 U. S. S. Threads per Inch. 

Soft Steel, /« = 60,000 lbs. per sq. in. Wrought Iron, ft = 45,000 lbs. per sq. in. 

Factor of Safety, 8. 



Outside 
diam. 


Area at 
thread root. 


Strength. 
Bteel. 


Strength, 

wrought 

iron. 


Outside 
diam. 
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thread root. 


Strength, 
steel. 


Strength, 

wrought 

iron. 


In. 


Sq. in. 


Lbs. 


Lbs. 
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Sq. ins. 


Lbs. 
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0.121 


753 


678 


1 


0.624 


3903 


3512 




0.210 


1310 


1180 


lA 


0.715 


4469 


4022 




0.324 


2022 


1820 


li 


0.812 


5075 


4567 




0.462 


2885 


2597 


lA 


0.915 


5718 


5145 


H 


0.540 


3376 


3038 


li 


1.024 


6403 


5762 



There are many dififerent types of stay bolts a few of which are 
shown in Figs. 148 and 149. The chief difficulty in using stay bolts 
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arises from the unequal expansion of the two sheets connected. 
One is usually in full contact with the fire while the other is heated 
to the temperature of the confined fluid only. There is, therefore, 
considerable relative motion between the two sheets. This con- 
duces to the formation of cracks in the stay bolts near the inner 
surfaces of the sheets. Many stay bolts of the type A rupture in 
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Fig. 149. 

this manner and their loss is unnoticed until evidenced by a 
bulging plate. The hollow stay bolt B, after breakage, permits 
the escape of fluid and thus announces its condition. The axial 
hole is also useful in introducing air into the fire, as well as provid- 
ing a duct for the steam jets of soot blowers. Stay bolt stock is 
usually procurable in long lengths, threaded continuously from end 
to end and necked down at intervals where it is desired to cut it 
off. One end is squared to facilitate screwing into place. Tapped 
holes for receiving stay bolts must have continuous thread thrdugh 
both sheets if the bolt is to screw to place easily and accurately. 
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The material is a very soft but reliable steel which will endure the 
necessarily severe usage. Some manufacturers still adhere to the 
use of best grade wrought iron for the purpose. Having selected 
a stay bolt which represents a margin of safety over the condi- 
tions of the problem, the design of the staying may be considered 
complete. 

While discussing the subject of stay bolts it may be well to refer 
to various special forms adapted to severe conditions of contraction 
and expansion. In Figs. 148 and 149, CDEFG and H illustrate 
various types adopted by the Pennsylvania Railroad and others 
for use in locomotives. Flexibility is here insured by the spherical 
joint at one end of the bolt. In each case a sleeve has first to be 
screwed into the boiler plate. The bolt itself is then put in place 
and its end riveted over upon the surface of the furnace sheet. 
To prevent leakage a soft copper washer is placed between the 
sleeve and the cap nut, the latter being screwed down hard. In 
some cases it is desirable to screw in the bolt from the fire box end, 
a soft copper washer similar to that described above being placed 
imder its head. In this case the bolt enters a spherical nut which 
rests in the sleeve, and the cap nut and washer make the outer end 
tight. The outer end of these stay bolts need not always come 
through the plate perpendicularly but with extra long sleeves, an in- 
clination of 25 degrees as shown in H may be obtained. Frequently 
a double thickness of plate is used locally to give thread room for 
the long sleeve. Supports and other external fixtures of various 
boilers sometimes interfere with the external heads of stay bolts, 
in which case the form of flush-headed bolt shown in G should be 
used. It is sometimes diflScult to introduce the necessary stays 
without conflict. To avoid this, stay rods frequently have to be 
bridged to two equivalent rods, and provided with spherical joints 
to prevent cramping. 

Staying in Locomotive Type Boilers. — The locomotive type of 
boiler. Fig. 150, presents many difficult problems in staying on 
accoimt of the construction of the fire box. There are five locali- 
ties which need attention in this respect: 

(A) Smoke box tube sheet, 

(B) Flat ovJter furnace wall, 

(C) Waierlegs, 

(D) Fire box tube sheet at throat. 

(E) Furnace roof. 
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The smoke box tube sheet A, flat outer furnace wall B and the 
water legs C are stayed with diagonal braces and stay bolts in 
precisely the same manner as the correspondii^ portions of hori- 
zontal and vertical boilers. The fire box tube sheet D caimot 
generally be strengthened by stays of any type on account of the 
intensity of the heat. This is avoided at the top of the sheet by 
arranging the beaded tubes to approach uniformly near to the 
margin and thus to stiffen the sheet by their holding power. The 
location of the front handhole at / necessitates the omis^on of 
a group of tubes. The handhole cover is inherently stiff and will 
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take care of itself. The corresponding area g in the fire box tube 
sheet is weak, however, and forms an exception to the above 
statement in regard to furnace stays. When protected by a bridge 
wall or baflle plate, throat stays h riveted directly to the shell and 
tube sheet are used with success. When unprotected the brace 
rivets should be set off at least 3 ins. by pipe thimbles after the 
manner described in Fig. 144, page 255, for tube sheet stays in hori- 
zontal boilers. This gives enough circulation arouqd the stay 
rivets to prevent burning. 
Fig. 151 shows the method of placing and calculating throat 

stays. Stiff tines a distance ^ back from the tube edges are drawn 
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as heretofore. The circular row of stay bolts just below the throat 
forms the other, line of rigid plate. From these stiflf lines half the 
maximum plate spacing is set off; resulting in the unstayed area stu. 
The influence of the tubes reaches to st and tu and of the stay bolts 
to 8U. The unstayed portion is then divided by planimeter or 
otherwise into two equal areas above and below the horizontal line 
xy. One or more diagonal brace heads located symmetrically on 
this line will make the best possible provision for the flexible plate. 
The other ends of the braces are anchored well forward on the shell 
to avoid angularity. The shaded area shows the actual plate sup- 
ported by the brace in this case, its boundaries being the locus of 
points equidistant from the rivet centers and stiff lines. If the 
distance from any point on the locus to the nearest stiff line is 
not more than half the diagonal op of a square having the maxi- 
mum plate spacing a for its side, the arrangement may be considered 
safe. Care should be taken that the stayed area multiplied by 
the working boiler pressure does not overload the brace rivets or 
shank. 

. There are three general methods of staying the roof of locomo- 
tive fire boxes: 

({) Radial stays. 

(m) Slung crown bars. 

(n) Crown bars. 
(I) Radial stays. — For the first jnethod, Fig. 150, the crown sheet 
E of the furnace is made the arc of a circle of large radius r, for 
the greater part of its width. Where the roof joins the side sheets 
a curve of much less radius is employed. The spacing fcfc for the 
side sheets, as determined from Table XXXIX, is continued over 
the crown sheet, no additional stiffness being assumed for the arched 
plate in the roof. From the roof to the outer shell stay bolts are 
inserted with their axes as nearly as possible radial to the curve 
formed by the fire box sheet. The external course subjected to 
severe internal pressure forms a secure anchorage for the stay bolts 
thus located. 

Having stepped off the circumferential pitch along the crown 
sheet the longitudinal spacing should next be given attention. 
Generally the pitch here used, fc, is the same as that previously 
employed. Starting at the vertical side seam on the outside of the 
water leg at the rear, the pitch is stepped off, as shown, to a similar 
point at the front seam of the water leg. The stay bolts, there- 



STAYING 271 

fore, fall on squares and the area of plate supported by each may 
be readily calculated. Care must be taken that conflict does not 
take place between the above radial stays and the diagonal braces 
employed on the flat exterior furnace sheet. The diagonal braces 
can sometimes be shifted slightly from a true radial position to 
avoid this difficulty. 

Naturally the 3.nchorage of the outer ends of radial stays to 
the shell takes place at an irregular angle. Unless very much 
out of a radial position this does not present special difficulty, 
as was explained in relation to the Tate stay bolt shown in Fig. 
14QH, This form or its equivalent should be used when the 
angle is of any considerable amount. 

When radial stays are used under a dome, the anchorage in the 
outer shell is interrupted and some other form of stay must be 
used. Special forged lugs riveted to the inside of the dome and 
pinned to the stay bolts afford the usual means of fastening. This 
case generally occurs in the style of "wagon top" locomotive 
boilers in vogue until recently upon many railroads. The dome 
in this type is placed directly over the furnace on the rear sheet. 

(m) Slung crown bars. — Fig. 152 shows a typical installation of 
slung crown bars. A series of structural steel T-beams aa curved 
to fit the exterior shell are firmly riveted at the necessary intervals 
to the sheet 66 over the furnace. A corresponding set of T-beams 
cc are shaped to fit the furnace roof and held securely in place 
by thimbled bolts dd. The two T-beams are linked together by 
double ties ee at frequent intervals, the whole constituting a sym- 
metrical system of supported points. With regular spacing the 
tension in each link may be taken as its proportionate share of the 
total load on the unstayed plate. The furnace roof beam is ap- 
proximately a curved continuous girder of equal spans uniformly 
loaded. Neglecting the curvature its calculation is not difficult. 
If w is the uniformly distributed load per unit of length and L is 
the length of each span, the maximmn bending moment, occurring 
over a support, for a continuous girder of indefinite length is 

M=-§, (131) 

and similarly the bending moment at the center of each span is 

M^+~ (132) 
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Very frequently these bending moments are exceeded by those 
caused by the overhung loads gg at the ends of the girder. In any 
event the T-beams should embody large factors of safety to resist 
the effects of corrosion. It must be borne in mind that such a 
calculation as the above is only approximate, the position of the 
girder with reference to its supports having much to do with the 
truth of the above equations. 

The Unks and pins should be calculated for tension and bending 
respectively. The roof bolts are spaced precisely like the stay 
bolts previously described. Copper washers are used under the 
bolt heads to keep them tight and the thimbles not only permit 
circulation but enable the whole system to be assembled under a 
good degree of initial tension. Slung crown bars are adaptable as 
well to flat surfaces over furnaces and combustion spaces. When 
the dome or steam outlets prevent the use of anchor beams, the 
links are pinned to specially forged lugs riveted directly to the 
sides of the dome or shell. With this form of staying there is 
generally considerable difficulty in arranging diagonal braces to 
take care of the flat external furnace sheet hh. Stiff angles riveted 
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to the flat plate and anchored well forward to the shell by one or 
more eye-braces form the best solution. An occasional diagonal 
brace may be used where room permits. 

(n) Crown bars. — Crown bars on account of their unreliability 
are rapidly becoming obsolete. They are best adapted to the flat 
tops of furnaces and combustion chambers. Fig. 153 shows a 
typical arrangement of crown bars. The flat sheet is crossed at 
necessary intervals by straight beams which receive their support 
at the flange forming the boundary of the furnace. The bars are 
made of wrought or cast iron and are either bored or made double 
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to permit the bolts to pass down through to the crown sheiet. 
If double, a clip washer unites each pair and a tapered thimble 
permits the bolts to be assembled in tension. Naturally the sup- 
port at the flange is very insecure, and, receiving as it does at each 
end half the entire roof load, local distortion is liable to occur. 
The feet frequently spread and slip off the flange so that the hold- 
ing power of the entire beam is lost. The crown bars are simple 
beams supported at the ends and loaded sjrmmetrically at a system 
of points. Their calculation is consequently very simple. This 
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Fig. 154. 

form of stajdng is rarely used at present except upon the roofs of 
the combustion chambers of marine boilers. The spacing of the 
bolts follows the principles set down in the previous cases of plate 
staying. 

In order to simplify as far as possible the problem of staying 
locomotive boilers, a fire box, designated by the term "Belpaire" 
from the name of the inventor, has been widely used. The princi- 
ple embodied consists in the use of flat sheets and direct through 
stays wherever possible. Fig. 154 illustrates the general arrange- 
ment. The vertical and transverse stays are of the direct flexible 
type with special seats and cap nuts at all cool ends. The longitudi- 
nal braces consist of diagonal stays fastened to a shell lug at one 
end and pinned between heavy angles at the head. The angles 
are vertical and riveted symmetrically to the external flat furnace 
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sheet. A system of throat stays takes care of the flexibility in that 
locality. To avoid conflict among the stays, an occasional one 
is either slightly displaced from its true position or bridging is 
employed. Except for the expense this is an excellent type of 
construction. 

When subjected to severe pressures the inherent stiffness of 
dished heads is not sufficient to resist distortion and stays must 
be provided for the purpose. Stiffeners such as tees or angles may 
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be shaped to fit the head and riveted securely to it. Fig. 155 
shows a method employed in steam drums where through rods set 
at an angle bind the heads together. The rods are inserted in a 
position approximately normal to the curvature of the heads and 
the nuts are made tight with thin copper gaskets. When several 
pairs of rods are required it is necessary to make a special spotting 
in the head in order to provide a suitable, seat for the nuts. This 
can be done at the time of manufacture with but little diflSculty. 
69. Boiler Mountings. — Manholes. — In most boilers it is 
desirable, either from necessities arising in the manufacture or 
from the subsequent requirements of cleaning and inspection^ that 
provision be made to enable a man to enter the shell. In steam 
drums having dished heads, both of which are externally convex, 
it is always necessary to provide entrance for driving the rivets. 
In large cylindrical boilers the same necessity presents itself in the 
repair and maintenance of the staying system. The standard size 
of manholes is 11 by 15 ins. In order to weaken the shell as 
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little as possible they should be placed with their narrow dimension 
lengthwise of the cylinder to which they are attached. A heavy 
internal ring double-riveted to the shell is designed to compensate 
for the loss of strength due to cutting the hole. Fig. 156 shows the 
general appearance and dimensions of a standard forged steel man- 
hole ring with seam. This type is used where pressures do not 
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Fig. 156. 

exceed 150 lbs. per sq. in. In order to displace as little of the 
steam space as possible the manhole frame is kept shallow. The 
gasket is generally one inch wide and liberal fillets are used in 
pressing its seat from the surrounding frame. The special double- 
riveted seam shown is the one recommended by the. Massachusetts 
Boiler Rules. Such seams should always be struck on the flat 
plate before rolling. 

Manhole covers were formerly made of cast iron, but the use 
of this material has been largely superseded by steel castings or 
pressed steel. In cast covers the manhole bolt passes through a 
hole and is riveted to place on the inside. This arrangement is a 
source of weakness as well as leakage. Corrugated pressed steel 
covers, as illustrated in Fig. 157,* are at present widely employed. 
The bolt is anchored to a plate held in place by the corrugations. 

* The Lukens Iron Works. 
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Yokes are also made of pressed steel, the form being that shown 
in the illustration. Foot room must bq provided for the yoke in 
the region of the seam. 

In Scotch boilers manholes are often located in the front head 
just above or below a pair of furnace tubes. Id such cases the 
tube sheet must be heavily reinforced by a pad securely riveted to 
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it. Figa. 158 and 159 show the respective arrangement of such 
manholes. In Fig. 158 the anchorage of a stay rod from the rear 
tube sheet is incorporated in the reinforcement of the manhole 
opening. A heavy dished cover is used to close the manhole. 
The rivets must be smoothly countersunk on the inside ends to 
provide a flat seat for the gasket. 

In Fig. 159 three stay rod ends are seated upon the reinforce- 
ment. Since these mountings are well removed from the fire there 
is no special need of avoiding lai^e masses of metal and their 
dimensions may be as ample as the strength requires. 

Handkoles. — To permit access to the sheets of a boiler for 
cleaning and repair, handholes of elliptical pattern should be 
installed at all necessary points. The plate over the fire is espe- 
cially liable to injury if accumulations of sediment are allowed to 
collect. All crown sheets should, therefore, be easily reached 
from without. Water legs are natural traps for mud and, unless 
the water circulation is maintained, will clog up causing burned 
plate. In locomotives a perforated wash out pipe is sometimes 
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f)ennanently installed just above the mud-ring for cleaning pur- 
poses. At all events corner handholes of the type shown in Fig. 
160 should be provided so that there shall be complete access to 
all portions of the water legs, as well as to the space above the 
fire door. The standard handhole, yoke and cover for use on flat 
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sheets is shown in Fig. 161. Cast iron was formerly used for 
the cover and yoke but with increasing pressures, steel castings 
or forgings have been largely adopted. In locating handholes 
room must be secured for the necessary seating of the gasket. 
The latter is generally f in. wide by | in. thick and is made with 
special reference to durability in the presence of heat and corro- 
sion. The yoke or crab is generally shaped as shown in the figure. 
Four-footed crabs have been used to secure a better joint near the 
ends of the handhole opening. A lip should always be cast around 
the cover to assist in its seating so that the full gasket width 
shall be available in making the joint tight. Handhole covers are 
necessarily so thick that they should be removed as far as possible 
from contact with the fire. When placed in the region of intense 
heat, thin dished steel covers, convex against the pressure, have 
been used satisfactorily. The threaded end of the handhole 
bolt should not project beyond the nut since burning and corro- 
sion will injure the thread to such an extent that the nut cannot 
be removed when desired. 
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Openings of this class are shaped as true ellipses with their minor 
and major axes in the approximate ratio of two to three. The 
standard sizes usually found are as follows: 

21 ins. X 3^ ins. * 3^ ins. x 5 ins. 

2f ins. X 3f ins. 4 ins. x 6 ins. 

3 ins. X 4^ ins. 5^ ins. x 8 ins. 

Handholes must generally be located opposite each of the tubes 
where the latter enter the headers of water tube boilers to facili- 
tate expanding the tubes to place. Such handholes must be pro- 
vided with elliptical milled seats if the covers are to be inserted 
through the opening and an external yoke used. To avoid the 





OUTSIDE YOKE 



INSIDE YOKE 



HANDHOLE COVERS 

Fig. 162. 

necessity of machining an ellipse, circular handholes with internal 
yokes have been designed. The cover is wholly external and rests 
on a ground seat. The yoke and bolt bind it to place as shown at 
the right of Fig. 162. Leakage at the nut seat may be prevented 
by the use of a copper washer. To enable the bolt to adjust itself 
and insure a fair bearing for the cover, the bolt head is sometimes 
given a spherical upper surface. 

Washout Plugs. — Where there is not room for a handhole of 
any of the above sizes a smaller opening, known as a washout, is 
used. Fig. 163 shows the usual proportions. This detail con- 
sists of a pad riveted externally to the shell, the threaded opening 



BOILER MOUNTINGS 



281 



being covered with a cap and copper gasket. The pad is forged 
to the curvature of the plate against which it is to fit. For the 
introduction of hose and scraping rods, these openings are of 
much value in the restricted portions of steam generators. The 
threaded nozzle of the washout < 

is made to conform to one of the 
smaller pipe sizes so that if 
necessary the cap may be re- 
placed temporarily with an or- 
dinary pipe cap. 

Dry Pipes, — When there is 
not room for external dome or 
drum, or when the pressure in 
the boiler forbids the use of such 
attachments, a dry pipe is in- 
serted in the ordinary steam 
space. Fig. 164 shows an inexpensive method of building up and 
attaching a dry pipe with standard pipe fittings. There is generally 
stock enough in the nozzle to permit the hole to be tapped for the 
reception of a pipe nipple. A tee with capped branches completes 
this form of dry pipe. The upper semi-circumference of each 




CORNER WASHOUT 

Fig. 103. 



Q 





DRY PIPE CONNECTION 

UPPER HALF PERFORATCO 

Fig. 164. 



branch is usually perforated with holes i in. in diameter through 
which the steam is drawn. By this means the splash of ebullition 
is prevented from entering the steam pipe. In locomotive boilers 
a perforated dry pipe is slung from the ring seams and leaves the 
boiler through the upper portion of the front tube sheet. 

Forged Pipe Flanges. — To avoid the brittleness of cast metal, 
especially when subjected to the pressures employed in driving 
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rivets, forged pipe pads have been placed upon the market. They 
consist of a simple disc of metal from the center of which is forged 
up a pipe hub. The latter contains suflScient depth to give the 
requisite number of perfect threads for the pipe in question. The 
hole in the boiler plate to which the flange is attached need not, 
therefore, be threaded. Such flanges are usually attached to the 
boiler by | in, rivets a single row being generally suflScient for pres- 





■h 

t U-11b«I I ^ KIVETS G INS. OIA. 

|«— C H ^ *1S- * NOMINAL PIPE DIA. 

FORGED STEEL PIPE ^LANGE 

Fig. 165. 

sures up to 150 lbs. per sq. in. Fig. 165 shows the usual proportions 
of these attachments and Table XL VII gives the corresponding 
dimensions. Such flanges have to be curved to fit the circumfer- 
ence of the shell to which they are riveted. 



TABLE XLVIL 

PROPORTIONS OP 
STANDARD FORGED STEEL PIPE FLANGES. 
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Dames. — When the steam space of the boiler is necessarily 
restricted, additional volume may be obtained by attaching a 
steam dome or drum. Such members are generally cylindrical 
in shape with dished heads. The axis of the cylinder may be 
either vertical or horizontal, depending upon the head room ob- 
tainable above the boiler. Horizontal steam drums are usually 
attached directly to the boiler shell by special forged flanges riveted 
to place. The use of bolted cast iron flanges for this purpose has 
been largely discontinued. The dished heads in such drums are 
frequently stayed as illustrated in Fig. 155 on page 276. In 
order to assemble both of the heads with convex contour outward, 
an outlet must be provided in the shell through which a holder-on 
may be introduced to support the rivets while being driven from 
without. Manholes are frequently located in the dished heads for 
this purpose. 

Domes of the vertical type are either riveted directly to the shell 
or bolted to it by pipe flanges. Fig. 166 shows one method by 
which a dome is connected directly to the cylindrical shell. As a 
precaution against rupture a standard manhole ring is first riveted 
to the course as if for that use alone. The dome, flanged at its 
lower end, is then double-riveted to the shell. This method pro- 
vides sufficient opening for the exit of steam and insures the safety 
of the boiler. Sometimes a heavy saddle ring is fitted to the out- 
side of the boiler and the dome flange riveted through it to the 
shell. The strength of such members is a disputed point and 
many accidents have happened due to the removal of excessive 
amounts of plate for such connections. 

A second method of attaching a vertical steam drum is shown in 
Fig. 167. Two nozzles, one of high and one of low pattern, are 
arranged as shown in the figure, each being riveted to the proper 
member. When bolted together with a suitable gasket this pro- 
vides a durable and satisfactory steam drum connection. 

Fire Door Openings. — Two arrangements of the door opening 
through the water legs of locomotive and vertical boilers are 
shown in Fig. 168. In small boilers a wrought iron or cast steel 
frame may be used around door openings as shown at the left. 
The comers of the opening should be rounded to a liberal radius 
and the rivets driven in the same manner as at the mud-ring. It is 
generally impossible to drive such rivets by machine on account of 
inaccessibility. The chief difficulty with this type of door frame 
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DOME ATTACHMENT 

FOR 

LOCOMOTIVE TYPE BOILER 

Fig. 166. 





ATTACHMENT 

OF 

VERTICAL STEAM DRUM 

Fig. 167. 
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is the liability of burning at a where the thickness of metal pre- 
vents the circulation from keeping the plate cool. 

To obviate the above difficulty and also to provide for the 
necessities of the riveting machine, the type of opening shown in 
Fig. 168 at the right is most widely used at present. By the care- 
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FIRE DOOR OPENINGS 



IN 



WATER LEGS 

Fig. 168. 

f ul use of suitable machinery both the inner and outer sheets may 
be flanged without injury to a conunon joint having its pitch line 
at least If ins. outside of the adjacent plate. This expedient main- 
tains a water circulation around the door and provides sufficient 
clearance for the use of the riveting machine. The outer plate is 
conmionly allowed to project slightly beyond the inner so as to form 
a ledge against which the calking tool may rest. As was remarked 
above handholes must always be provided above door openings in 
order to make possible the removal of the sediment which would 
naturally accumulate at that point. 

Fusible Plugs, — In every steam generator there are portions 
especially susceptible to injury from overheating in the event of 
low water. Such portions should be protected from extensive 
injury by the use of a hollow plug filled with a metal fusing at a 
comparatively low ten^perature. Fig. 169 shows three types of 
plugs recently recommended by the Massachusetts Board of Boiler 
Rules. The required locations of these safety devices is accurately 
specified in the Code of Rules summarized in Chap. I, page 36. 
When the form of the steam generator necessitates the insertion of 
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the plug from the fire side of the sheet the latter is designated as an 
outside plug. When access to the desired locality can only be 
obtained from the inner or water side of the sheet, the type is 
designated as an inside plug. A third style screwed into the tubes 
of vertical boilers is shown at the right. These safety devices arc 
required by law to be filled with pure Banca tin, the melting point 
of which is about 445° F. This figure represents a safe margin of 



PROPORTIONS 
FUSIBLE PLUGS 

Fio. 169. 

temperature above that of saturated steam at ordinary pressures. 
Fusible plugs are not ordinarily allowed to come in contact with 
highly superheated steam. The eflScacy of these devices in pre- 
venting accidents can only be assured by keeping the fusible metal 
clean where it comes in contact with the water. It is generally 
Eidvisable to renew fusible plugs annually. The recommended 
proportions for fusible plugs are given in Table XLVIII. All 
steam generators should be protected by their use where there is 
the least probability of danger from low water. 

Feed Pipes. — The feed water should enter the boiler in such a 
manner as to mingle with the contents at the coolest portion 
and to assist the natural circulation. This can best be ac- 
complished m horizontal boilers by tapping the front head for a 
feed pipe bushing just above the level of the tubes. With girder 
stays the bushing may pass through the center of the channel. In 
order to withstand corrosion the bushing is usually made of brass 
and corresponds in size to that of a suitable pii>e tap. The threads 
within taper from opposite directions, the bushing thus forming a 
coupling for the internal and external feed pipes. Brass pipe is 
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TABLE XLVIII. 

PROPORTIONS FOR 

STANDARD FUSIBLE PLUGS. 

Recommended by Massachusetts Board of Boiler Rules. 
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For pressures less than 150 lbs. per sq. in. 
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generally used for the purpose throughout. The internal feed pipe 
runs about two-thirds the length of the boiler, crosses at rig^t 
angles and is airai^ed with elbow and nipple to discharge the 
water into the downward circulation near the shell. Such feed 
pipes are generally supported by small brass stirrups attached to 
adjacent stay rods. 

In vertical boilers a forged steel pipe flange riveted to the outside 
is arranged to receive the feed pipe bushing. The internal feed 
pipe enters one of the avenues in the tube arrangement and dis- 
chai^es the water near the center of the boiler. 



FEED PIPE BUSHING 

Fig. 170. 

The feed pipes of Scotch and locomotive boilers generally enter 
through the side and dischai^ the water near the shell as in the 
case of the horizontal boiler. 

Fig. 170 illustrates the standard feed pipe bushing and Table 
XLIX gives the usual dimensions embodied in its construction. 

Nozzles. — The steam exits from boilers arc usually made from 
either forged or cast steel. A flaring body with heavy ring at the 
bottom provides not only for the quiet withdrawal of steam from 
the boiler but for a strong riveted scam at the base as well. In 
order to rivet the seam by machine the center line of the plunger 
must have at least If ins. clearance beyond the lip of the pipe 
Qa.t^e. The most critical point in the design of the nozzle is at the • 
juncture of the body with the top flange. Unless good material 
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and liberal fillets are employed at this point fracture is liable to 
occur. The top flange is designed to meet the requirements of 
standard pipe flanges. 



TABLE XLIX. 

PROPORTIONS FOR 
STANDARD FEED PIPE BUSHINGS. 
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For mgoificanoe see Fig. 170, p. 288. All dimenflions in inohes. 
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Two types of flange, the high and the low, are found on the 
market. The high type, Fig. 171, permits the use of through 



PROPORTIONS 
OF 

CAST STEEL STEAM NOZZLE 
MIGh PATTERN 
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K RIVETS- C INS.DIA. 




DEVELOPMENT OP SEAM 





Fia. 171. 

bolts. In case of rupture the latter may be easily renewed. 
When head room is at a premium the low type of nozzle must be 
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used as illustrated in Fig. 172. Stud bolts are never a desirable 
means of fastening from the standpoint of breakage and as well as 

leakage. The channel through which 
the steam is withdrawn in this t3rpe of 
nozzle is also very abrupt. 

Table L gives the standard dimen- 
sions of the Taylor seamless forged 
steel boiler nozzle as manufactured by 
the American Spiral Pipe Works. The 
proportions of the low pattern, Fig. 172, 
also conform approximately to Table L 
as far as the letters signify. 

The riveting at the base of the nozzle 
has not been absolutely standardized 
and may be varied at the will of the 
designer. The proportions given in 
Table L are suitable ones for medium pressures and average ser- 
vice. For severe conditions there is room enough in the base ring 
to permit the use of a double-riveted seam. 




8TEAM NOZZLE 
LOW PATTERN 

Fig. 172. 



TABLE L. 

PROPORTIONS OF 
FORGED STEEL BOILER NOZZLES. 

American Spiral Pipe Works. 
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Pipe Flanges. — In 1894 the A.S.M.E. proposed the standardized 
dimensions given in Fig. 173 and Table LI for east iron pipe 
flanges. These sizes have remained practically without change to 

PROPORTIONS 
CAST PIPE FLANGES 




N BOLTS, DINS.OIA. 

Fig. 173. 

the present day except in pressures above 100 lbs. per sq. in. In 
1901 a Committee of Manufacturers standardized extra heavy 
steam pipe flanges as given in the lower part of Table LI. 

The bolt holes in pipe flanges are drilled J in. larger in diameter 
than the bolts specified in Table LI to insure ease in adjustment. 

Some manufacturers provide a third series of cast steel flanges 
made integral with the pipe or fitting and designed for 350 lbs. 
per sq. in. pressure and superheating temperatures up to 800° F. 

In addition to the screwed fittings described above there are many 
special types of pipe flanges designed for severer service. These 
may be roughly divided into three classes: 1° Welded Flanges, 
2° Shrunk and Peened Flanges, 3° Clamped Pipe Joints. 

To insure against leakage under high pressures a forged steel 
pipe flange may be welded directly to the pipe. Or again the 
pipe may be partially threaded into the flange and the joint sealed 
with soft steel imder the oxy-acetylene flame. 

When the service is not so severe the flange ring may be shrunk 
upon the imthreaded pipe and the latter peened out into a flaring 
recess at the flange surface. 

The third form of pipe union, known some years ago as the Van 
Stone joint and at present bearing a variety of names, consists of 
turning a 90° flange upon the ends of the pipes to be united. 
Heavy bolt rings inserted loosely upon the pipe draw the flanges 
tightly together and make the joint. One great advantage of this 
method consists of the possibility of turning the pipes relatively 
to one another through any desired angle without encountering 
the diflBculty of unscrewing rusty pipe threads. 
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TABLE LI. 

PROPORTIONS OF 
STANDARD PIPE FLANGES. 

Cast Iron, Gun Iron or Steel Castings. 

For pressures not over 100 lbs. per sq. in. 
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For pressures from 100 to 250 lbs. per sq. in. 
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Pipe-Sizes. The manufacture of steam and water pipe con- 
sists of butt- or lap-welding together strips of wrought iron or 
steel plate so shaped as to form the correct diameter of the tube. 
The flat plate with edge scarfed is known as "skelp'' and must 
be of exactly the right width to give the size of pipe desired when 
rolled up and welded. 

In addition to the above there are many forms of seamless tub- 
ing drawn both hot and cold. 

The standard dimensions of steam and water pipes as taken from 
the National Tube Co.'s Book of Standards are given in Table LII. 
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TABLE LII. 

PROPORTIONS OF 
STANDARD WROUGHT IRON PIPE. 

National Tube Co. 
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Supports, — The method of support varies with the type of 
steam generator used. For horizontal boilers a series of cantilever 
brackets securely riveted to the shell forms a satisfactory solution. 
Fig. 174 gives the proportions of the ordinary pressed steel boiler 
bracket and its general location with regard to the center of the 
shell. To provide for expansion the rear brackets are supported 
on rollers. In order to minimize the overstraining of the shell in 
case the foundation settles, boiler brackets are arranged in groups 
of two. The location with reference to the length of the boiler 
is given in the lower figure. Whenever proximity to ring seams 
makes it impossible to locate the brackets as shown they should be 
placed symmetrically with respect to the tube sheets. Since the 
bulk of the boiler weight is suspended at the latter points it is well 
to place the bracket* near the ends of the boiler. 

Instead of supporting the boiler by brackets resting upon the 
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foundation special hangers may be used to sling the boiler from 
structural steel beams above. Figs. 175 and 176 show two forms 
used for this purpose. The one at the left is made of boiler plate 
folded to shape and riveted to the shell. At the right is shown a 




DIMENSIONS AND LOCATION 

OF 

STANDARD STEEL BOILER BRACKETS 

Fia- 174. 



cast steel hanger which is fastened in the same way. Heavy eye 
bolts are attached to the beams above by nuts and washers so that 
the level of the boiler may te adjusted as often as necessary. A 
total slope of one inch toward the blowHDff pipe is generally given 
horizontal boilers. 

The support for vertical boilers consists of a circular ash-pit 
casting resting upon a concrete foundation. The water legs rest 
directly upon the ash-pit frame, its upper surface being finished 
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for the purpose. Fig. 180, page 300, shows the details of this 
feature. 

Scotch boilera are usually supported by two cradles of boiler 
plate or structural steel. The upper surface of the cradle corre- 
sponds to the curvature of the shell and the lower is bolted to a 
flat concrete foundation. 

Locomotive type boilers are arranged to be transported on skids. 
Wooden or steel beams running along the sides of the boiler receive 



Fia. 175. FiQ. 176. 

its weight at the rear end by means of steel brackets riveted to the 
outside furnace sheets. At the front end a Y-shaped support 
attached to the cylindrical shell or smoke box performs the same 
office. If the locomotive boiler is of considerable length oblong 
holes should be provided where the furnace brackets are bolted to 
the skids so that the increment of expansion will not strain the 
boiler shell. The same object may be accomplished by letting the 
cyUndrical shell merely rest in the front support instead of bolting 
them together as described above. 

Grates and Ask-PUs. — While the design of the grate bars and 
setting should not be considered as part of the boiler design some 
data is necessary in this regard to determine various questions 
relating to combustion. It is very difficult to fire properly a sta- 
tionary grate more than six and one-half feet long. The latter 
^ure is generally considered the limit of length. Stationary grates 
for horizontal return tubular boilers generally vary in length by 
multiples of half feet. The proper width for a grate is the boiler 
diameter but when there is difficulty in obtaining sufficient grate 
area, a width 4 or 6 ins. greater than the diameter of the boiler 
is permissible. Grate bars are generally cost in multiple units 
measuring 3, 4 or 6 ins. in width, Fig. 177,* 

* The International Ei^neering Works. 
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The character of the fuel has much to do with the form of the 
grate. The spaces between the grate bars ordinarily range from 
i to i in. in width, the latter being used for the coarser grades of 
coal. For burning bituminous slack mixed with the finer grades 
of anthracite, the air space is made even narrower than that given 
above. With forced draft the distance between grate bars may be 
but i in. The air spaces are generally designed to aggregate from 
30 to 45 per cent of the total grate area. Grates for burning chips 
and refuse coals are generally perforated slabs of cast iron, the 
diameter of the holes varying from J to f in. A raised boss of 
metal is sometimes left around the holes so that a thin layer of 
ashes will lodge on the surface of the grate. This arrangement 
prevents clinkers from adhering and clogging the draft holes. 

In order to provide free discharge of ashes through the grate and 
prevent the sticking of clinkers between the bars all air spaces are 
made widely flaring in the direction of the ash-pit. Ledges of 
brick work must never be allowed to imprison ashes in the grate. 
When more than four feet in length grates are generally divided at 
the center, thus permitting freedom for expansion and avoiding the 
warping of the grate bars. Straight grate bars are sometimes 
ruptured by expansion. To avoid this difficulty the herring- 
bone grate shown in Fig. 177 has been devised. In this form the 
transverse ribs have opportunity for expansion without danger of 
rupture. 

When the grate is made in two lengths the joint at the center is 
supported by a grate bearer resting upon the brick work at the 
sides of the ash-pit. This transverse beam is made up of two bars 
held together \>y thimbled bolts. The ends of the grate bars hook 
loosely over the bearer. The front end of the grate rests upon the 
dead plate which in turn is bolted securely to the boiler front. To 
permit expansion an inclined surface upon the dead plate is ar- 
ranged to support the grate bars. At the bridge wall clearance 
room must be provided for the same purpose. In order that im- 
prisoned ashes shall not heave over the bridge wall when the grate 
expands the bars are sometimes given an inclined end which will 
plough the ashes out of the way. Fig. 177 shows a herring-bone 
grate with its left end inclined for the purpose described above. 
The remaining figures show various blocks of straight grate bars 
cast together. With fine fuels the perforated form shown at the 
right in Fig. 177 is used. 
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Grates for Vertical Boilers. — The grates of vertical boilers are 
carried at the periphery of the furnace by a circular bearer bar 
either bolted to the mud-ring, as shown in Fig. 178, or supported by 
brackets projecting from the ash-pit frame. Such grates are desig- 
nated as segmental or sector grates according to their form. Fig. 
179 * shows typical grates for this purpose. A free expansion space 
at least ^ in. in width must be provided between the grate and 




GRATE ATTACHMENT 

TO 

MUD RING 

Pig. 178. 

furnace sheet. The sector form is illustrated in the lower part of 
the figure. Truncated sectors supported at their outer ends by the 
mud-ring and at the inner by a small circular center piece are 
arranged to fit the furnace loosely enough to provide the necessary 
room for expansion. The circular center is supported by a post 
and spider from the floor of the ash-pit. 

Fig. 180 illustrates the modern form of ash-pit casting for use 
with vertical boilers. It is frequently necessary to calk the inner 
and outer sheets where they join the mud-ring. Consequently the 
width of the ash-pit casting must be slightly narrower than the 
mud-ring. Projecting from the ash-pit casting are cantilevers 
upon which the grate bearer may rest. 

The location of the ring seams in externally fired boilers is often 
determined by the length of grate and position of the bridge wall. 
Fig. 181 shows an assembling sketch which should be made in order 
to determine the relative positions of the grate, bridge wall and ring 
seams. Horizontal boilers are generally built with projecting up- 
take sheets since this effectually removes the dry plate from the 
region of the fire. The boiler front containing the fire doors is 
approximately one inch in thickness and comes just behind the 
front ring seam. To protect the boiler front from the fire a lining 

* The International Engineering Works. 
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consisting of one or two rows of fire brick is interposed. For small 
boilers one row is sufficient but frequently two are employed. 
Beyond this the length of grate and expansion space should be laid 
off in determining the position of the bridge wall. To avoid the 
destructive action of the flames when impinging against a ring 
seam it is well to preserve a minimum distance of 12 ins. between 
the bridge wall and the girth seam. This stipulation frequently 
determines the length of the individual courses. 

Fig. 182 * shows the usual method by which grates are installed in 
furnace tubes. In order to preserve the strength of the latter its 
walls must not be punctured by bolt holes except in close proximity 
to a ring seam. The dead plate which is part of the external 
furnace mouth is inserted from without and bolted securely to place 
by cast iron angles upon either side. These bolt holes through 
the walls of the furnace tube comprise the only perforations 
allowed. Since they are so close to the flange seam, where the 
front tube sheet and furnace join, they do not seriously weaken 
the corrugations. The dead plate consists of a slab of cast iron 
with a sloping edge upon which the grate bars rest. Cramping due 
to expansion is thus avoided by allowing the grate bars to slide up 
the incline. In order to prevent ashes and coal from wasting at 
the sides of the grate in the corrugation spaces, special grate bars 
are designed for these localities. The contour of the corrugations 
is roughly approximated by the grate bar, sufficient room being 
allowed for expansion. 

At the center of the grate is a bearer bar made up by bolting two 
beams of rectangular section together with thimbled bolts. At 
either end of the bearer is a U-shaped clip in which the ends rest. 
This clip is bolted to a semi-circular ring of cast iron which rests in 
the adjacent corrugation. Thus the grate is supported at its center 
without puncturing the furnace tube wall. 

The bridge wall consists of a hollow semi-circular casting. In its 
front side is a sliding door to admit air. Its rear side is perfor- 
ated with many small holes to spread the air currents as they pass 
into the combustion chamber. The top of the bridge wall is 
provided with a sloping surface similar to that employed upon the 
dead plate. Two or three courses of fire brick are laid over the 
bridge wall casting to protect it from the flames. The fire brick 
are held in place by a slab bolted to the rear of the bridge wall. 
To -prevent the bridge wall from overturning, bolted clips are 

* The Continental Iron Works. 
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provided at either side and the bottom, the latter fitting into the 
corrugations with fair snugness. Clearance is provided for ex- 
pansion in all the bolt holes and fastenings throughout this arrange- 
ment. Grates of this type slope from 4 to 6 ins. toward the rear 
when of ordinary length. To facilitate the removal of ashes a 
semi-circular ash pan sheet is fitted underneath the grate. 

In dry back Scotch boilers the flames are returned to the tubes 
by means of a combustion chamber, Fig. 183,* built of fire brick and 
located at the rear in an extension of the shell. 

The shell extension is usually made of I in. steel plate riveted 
to the main shell of the boiler. A circular ring of bent angle bar 
is riveted to the end of the combustion chamber shell. The flat 
circular end of the combustion chamber is made of ^ in. steel 
plate bolted in place in the form of segmental panels. To stiffen 



TABLE LIII. 

PROPORTIONS OF BAFFLE ARCHES 

for use in 

MORISON FX7RNACE TUBES. 

For significance of letters see Fig. 183. 



Inside furnace 
dUm, D. 


Inflide diam. of 
furnace end, E. 


Radius of arch, R. 


Height of opening, H. 


Idb. 


Ins. 


Ins. 


Ins. 


36 


39 


24J 


20 


38 


41 


26 


21i 


41 


44 


28 


23 


45 


48 


31 


26 


50 


53 


34} 


30 



this end plate against the effects of heat, transverse angles are 
bolted at frequent intervals. The panels are easily removable to 
permit repair of the brick work within. An inverted arch of fire 
brick about 4J ins. thick is first sprung around the shell extension 
as high as the tops of the tubes. At the rear a fire brick wall 9 ins. 
thick is securely laid in place with a corbelled ledge near its top 
upon which the roof tiles rest. The latter consist of special fire 
brick slabs 5 ins. thick, 15 ins. wide and 30 ins. long. Their front 
ends are supported upon an angle riveted to the rear boiler head 
just above the top row of tubes. To facilitate cleaning, a door is 

* The Continental Iron Works. 
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inserted at the bottom of the combustion chamber. During the 
operation of the boiler the brick work frequently obtains a very high 
temperature, thus assisting in the perfect combustion of the gases. 

In order to reduce the velocity of gases in the furnace tubes of 
Scotch boilers and at the same time to increase the eflBlciency of 
their combustion, a baffle arch as shown in Fig. 183 is inserted 
where the tube enters the combustion chamber. This arch serves 
as well to protect the seam between the furnace and tube sheet 
from the destructive action of the fire. 

The proportions of the baffle arch vary with the furnace diam- 
eter. Table LIII gives the dimensions recommended by the Con- 
tinental Iron Works in their furnace practice. Very thin mortar 
joints should be used and the brick work should be laid as ac- 
curately as possible. 
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CHAPTER V. 

DESIGN OF A HORIZONTAL RETURN TUBULAR 

BOILER. 

Extended Shell Type. 

In this chapter there will be worked out the complete design of 
a horizontal return tubular boiler, to illustrate the principles laid 
down in previous chapters. 

A horizontal return tubular boiler of the extended shell type 
together with a section of its setting is shown in Fig. 184. The 
boiler consists essentially of a cylindrical shell in three courses. 
The longitudinal joints are of the multi-riveted butt-type while 
single-riveted lap joints are used to connect the courses. Tube 
sheets riveted to the shell form the ends of the boiler and provide 
supports for the fire tubes. The upper portions of the heads are 
stayed by diagonal braces riveted to the shell or by through rods 
with upset threaded ends and nuts. Access to the boiler is pro- 
vided by a manhole at the top of the middle course, placed so 
that the shell shall be weakened as little as possible, and by a 
manhole in the front tube sheet, if the boiler is of sufficient size 
to permit readily of this. Steam connections consisting of two 
nozzles are placed in the end courses. An uptake, attached to 
the extended portion of the front course, affords an exit for the 
products of combustion. The front end is enclosed by a frame 
casting and doors, forming a pleasing exterior finish. Water is 
delivered to the boiler above the tubes about two-thirds the length 
back. A bushing in the front tube sheets forms a coupling for 
the portions of the feed pipe within and without the boiler. Pro- 
vision is also made for water column and blow-off connections. 
A fusible plug properly located in the rear head affords a means 
of detecting low water. The boiler is supported on the setting by 
pressed steel brackets on the front and rear courses, expansion 
being taken care of by rollers placed under the rear brackets. 
The grate bars under the front portion of the boiler are made in 

two lengths, placed longitudinally, supported at the ends and in 
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the center, with due allowance for expansion. The bridge wall 
at the rear end of the grate directs the flames upward before the 
combustion chamber is reached. A cast iron front forms a finish 
for the setting and provides supports for the fire and ash-pit 
doors. 

70. Specifications. — The following general specifications are 
intended to apply to the design of any horizontal return tubular 
boiler. 

Shell Plates. — Plates shall be of the best quality O. H. Firebox 
Steel, having the following qualities: 

Tensile strength^ lbs. per sq. in.: 

Not less than 52,000 

Not more than 62,000 

Yield point, min, lbs. per sq. in 0.5 T.S. 

Elongation in 8 ins., min. per cent ' ^^ — 

Plates shall be free from laminations and surface defects, and 
shall stand cold and quench bending tests fiat down without 
showing a sign of fracture. 

Heads, — Heads shall be of the best O. H. Flange Steel, having 
the following qualities: 

Tensile strength, lbs. per sq. in. : 

Not less than 55,000 

Not more than 65,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

Elongation in 8 ins., min. per cent * ^ i, — 

All heads shall be machine-fianged by the spinning process to an 
inner radius not less than twice the thickness of the plate, and 
shall be thoroughly annealed. ^ 

Rivets, — The steel shall be made by the open-hearth process, 
and shall conform to the following specifications: 

Tensile strength, lbs. per sq. in. : 

Not less than 45,000 

Not more than 55,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

Elongation in 8 ins., min. per cent, but need not exceed 

aOpercent ^^^^ 

l.o. 

Shearing strength, lbs. per sq. in 45,000 

Crushing strength (bearing pressure) : 

lbs. per sq. in. of projected area 96,000 
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Rolling. — The plates shall be rolled cold by gradual and regu- 
lar increments to the exact radius required and the whole circum- 
ference rolled to a true circle. Butt-straps shall be rolled to the 
same radius as the shell in special forms made for that purpose. 

Planing, — The edges of the plates shall be beveled to an angle 
of about 75 degrees on a plate planing machine. After the heads 
have been flanged and annealed, the calking edge shall be turned 
off on a milling machine to the same bevel as the shell plates. 

Seams and Riveting. — The circular joints shall be single-riveted 
and lapped. The longitudinal joints shall be of the butt-joint 
type with inside and outside cover plates. The heads shall be 
single-riveted to the shell. Bivets shall be i^ in. smaller in diam- 
eter than the holes they are to fill. All holes shall be drilled; 
i.e., punched ^ in. small and then drilled to size with all plates 
and cover plates in position, after the plates have been rolled. 
After drilling the holes the plates shall be taken apart and the 
burrs removed from the edges of the holes. All riveting shall 
be done with a hydraulic riveting machine wherever practicable, 
pressure being kept on each rivet until it has taken its shrink- 
age to insure tight joints. No filling pieces shall be used and no 
drifting shall be done. Rivet heads on all machine-driven rivets 
shall be of the type ordinarily used in pressure work. Where 
necessary, the rivets may be pneumatically driven, the formed 
head taking the above shape, the other retaining its original shape. 

Calking. — All seams shall be carefully calked with a pneumatic 
hammer, using a round-nosed calking tool. 

Tubes. — Tubes shall be made of the best American lap-welded 
or seamless steel, arranged in straight rows with a wide central 
space for circulation if possible. 

Tube holes shall be punched not over 1 in. in diameter and 
drilled to size with a revolving cutter, and the edges chamfered 
to a radius of iV ui- Tube ends shall be carefully expanded and 
beaded over with pneumatic tools. 

Staying above Tvbes. — Each head above the tubes shall be 
braced or stayed and the arrangement shall be such as to secure 
an even spacing of the stayed points and a good support for the 
entire surface. The spacing of the rivets shall not exceed that al- 
lowed for stay bolts on flat plates of equal thickness. The braces 
shall be so set as to secure as uniform tension throughout as 
possible. 
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Diagonal Stays. — Stays shall be of an approved weldless steel 
type, securely riveted to shell and head, and shall conform to the 
standard dimensions and specifications for such stays. 

The greatest allowable angle between stays and shell shall be 
20 degrees. 

Through Stays, — Through stay rods shall be of weldless steel 
type with upset threaded ends. They shall conform to the dimen- 
sions and specifications for such rods and shall pass through and 
be secured to the heads with standard nuts and check nuts, but 
no washers. 

All through rods above tubes shall be located far enough apart 
horizontally so that a man may readily enter the boiler through 
the manhole. 

Staying below Tvbes, — Whenever necessary, each head below 
the tubes shall be braced by two through rods similar to those 
specified above. The front ends shall be upset and threaded and 
the rear ends shall be upset and drop-forged in the form of an eye 
and fastened by means of a pin to two steel angles securely riveted 
to the rear head. The angles shall be set off from the head not 
less than 3 ins. by pipe thimbles on the rivets so that the metal 
in the angles shall not be subjected to the action of the fire. The 
front ends of the rods shall pass through and be secured to the 
front head by inside and outside nuts, but no washers. When 
the front head contains a manhole, all rods below tubes shall be 
located far enough apart horizontally so that a man may have 
access to the rear end of the boiler. The horizontal center-line of 
such stays at the front head shall not be below that of the manhole. 

Types of Staying to be Used, — If the boiter diameter is less than 
60 ins., diagonal braces shall be used for the space above the 
tubes. For the space below the tubes in boilers less than 60 ins. 
in diameter the necessity of stays shall be avoided if possible by 
the judicious spacing of tubes. 

If, however, the boiler diameter is 60 ins. or over, the space 
above the tubes shall be braced with through rods. For the space 
below the tubes the type of bracing previously specified for this 
portion of the head shall be employed. 

Manhole in Shell, — One manhole 11 by 15 ins. shall be lo- 
cated in the shell on top of the boiler, in the center of the middle 
course. It shall have a pressed steel frame or ring, and shall 
be fitted with a pressed steel cover, bolt and yoke and a copper 
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or rubber gasket. The frame shall have a net cross-sectional 
area on a line through its center parallel to the axis of the shell, 
whose tensile resistance is at least equivalent to the tensile resist- 
ance of the shell plate removed on the same line. 

The frame shall be riveted to the shell with two rows of rivets 
symmetrically arranged. The resistance of the rivets in shear 
or in crushing on one side of the longitudinal section through the 
center of the frame shall be not less than the tensile resistance of 
the plate removed on the same section. 

Manhole or Handhole in Front Head. — If the boiler diameter 
as determined is 60 ins. or over, an 11 ins. X 15 ins. manhole shall 
be located in the front head below the tubes. It shall be formed 
by flanging the plate inward to a depth not less than three times 
the thickness of the plate, and shall be fitted with pressed steel 
cover, bolt and yok6 and copper or rubber gasket. 

If the resulting boiler diameter is less than 60 ins. a handhole 
shall be located in the front head. 

Handhole in Rear Head, — A handhole shall be located in the 
rear head below the tubes, except when the front head contains 
a manhole below the tubes. 

There shall be not less than 1 in. of soUd plate in the clear 
around a handhole opening. 

Nozzles, — Two cast steel nozzles of approved type shall be 
machine-riveted to the shell for main steam and safety valve 
connections. The flanges which join the shell shall be beveled 
and calked on the outside. 

Feed Pipe, — An internal brass feed pipe of the diameter specified 
shall be located on the left side of the boiler at least 3 ins. above 
the top of the upper row of tubes. The pipe shall extend back 
three-fifths the length of the tubes and across to the right side 
of the boiler. The pipe shall be threaded into a brass bushing 
screwed into the front head of the boiler, and shall be securely 
supported by hangers from the braces or shell. The outer end of 
the brass bushing shall be tapped for an external pipe connection 
equal to the feed pipe size. 

BlotiH)ff Connections, — A forged steel pipe flange of approved 
type shall be riveted to the bottom of the boiler near the rear end 
and tapped to receive the size of blow-off pipe specified. 

Water Column Connections, — Two holes of diameter specified 
shall be tapped for water column connections. The water con- 
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nection shall be taken from a point not less than 6 ins. below the 
center line at the right side of the front head. The steam con- 
nection shall be taken from the top of the shell or the upper part 
of the head. 

Fysible Plug. — A fusible plug of approved design, filled with 
pure tin, shall be located in the rear head of the boiler not less 
than 2 ins. above the top of the upper row of tubes. The lesser 
diameter of the fusible taper core shall not be less than f in. 

Smoke Opening. — A smoke outlet shall be cut in the top of 
the extension sheet of the boiler with provision for the necessary 
holes in the plate for connecting the uptake. Holes shall be 
provided in the extension front for water column and feed 
piping. 

Brackets. — The boiler, if 60 ins. or over in diameter, shall be 
provided with eight heavy pressed steel supporting brackets riveted 
to the shell in pairs. If under 60 ins. in diameter the boiler shall 
be fitted with not less than four pressed steel brackets. The 
back ones shall in each case have rollers one inch in diameter to 
allow for expansion of the boiler. All brackets and rollers shall 
rest on steel bearing plates one inch thick. The shearing or 
crushing stress on the rivets shall not exceed 8 per cent of their 
ultimate shearing or crushing strength respectively. 

Test. — A hydrostatic pressure test (cold water) of one and 
one-half times the working pressure for which the boiler is in- 
tended, shall be applied, and the boiler shall be designed for tight 
joints under that pressure. 

71. Statement of Problem. — The solution of the following 
problem will be given in full. 

Design a horizontal return tubular boiler, extended shell type, to conform 
to the preceding specifications and to embody the following general dimen- 
sions: 

General Dimensions: 

Rated Horse-Power (A.S.M.E. standard) 125 

Working Pressure, lbs. per sq. in 150 

Length of Tubes, ft 18 

Number of Courses : 3 

Diameter of Steam Nozzles (2), ins 5 

Diameter of Feed Pipe, ins 1 J 

Diameter of Blow-off Pipe, ins 2 

Diameter of Water Column Connections, ins IJ 

Kind of Coal Bituminous 
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Types of Joint to be used : 
Ring Seam Joints Single-Riveted Lap. 

Butt-joint with inside 

T -x J- 1 T • X &nd outside cover plates. 

Longitudinal Joints ,. . ic- « 

^^ having an eflaciency of 

I at least 94 per cent. 

Design to include: 

(a) Complete calculations, 

(h) Working drawings, fully dimensioned, of 

(1) Tube sheet, with staying. Scale, 3 ins. = 1 ft. 

(2) Boiler; end view, longitudinal section, development of joints. 
Scale, 1} ins. — 1 ft. 

The following specific values of constants, for which a general 
discussion is given in Chap. IV, will be assumed. 

Rate of Evaporation, lbs. of water per lb. of coal, about . 9.5 
Rate of Combustion (bituminous coal), lbs. per sq. ft. of 

Grate Surface per hr., about 15 

Ratio: Length to Outside diam. of Tubes, about 60 

Ratio: Internal Transverse Tube Area to Grate Area, 

about lto7 

Steam Space per Boiler H.P., cu. ft., at least 0.70 

Ratio: Steam Space to Water Space, about 1 to 2.5 

Heating Surface per Boiler H.P., sq. ft., at least 10 

Ratio: Heating Surface to Grate Surface, about 37 to 1 

Boiler Diameters to vary by increments of, ins 6 

Reach of Riveting Machine, ft 7 

Least Factor of Safety 5 

Grate: Maximum Length, ft 6 

Normal Width, equal to Boiler Dia. 

Maximum Width equals Boiler Diameter plus, ins. 4 or 6 

Length to vary in increments of, ins 6 

Width to vary in increments of, ins 4 or 6 

Uptake: Width from t to i Boiler Diameter. 

72. Calculations. 

Grate. — The number of pounds of water to be evaporated per 
hour may be obtained from the rated horse-power (A.S.M.E. 
rating, p. 5). 

125 X 34.5 = 4310 lbs. of water per hr. 

The coal to be burned per hour is found from the above and the 
rate of evaporation given. 

-^-=- = 454 lbs. of coal per hr. 

«7.0 
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From the rate of combustion the theoretical grate area is found 
to be 

^ = 30.27 sq. ft. 

Assume as a trial grate size, 5^ ft. by 5^ ft. Area 30.25 sq. ft. 
Tubes, — The tube diameter for the given ratio of length to 
outside diameter is 

— ^jz — = 3.60 ms. 
60 

Tubes 3.5 ins. in diameter will be used. 
From Table XXIX, p. 190. 

Internal circumference « 10.24 ins., 

External transverse area — 9.62 sq. ins., 

Internal transverse area » 8.35 sq. ins. 

The internal transverse tube area as computed from the theo- 
retical grate area and the ratio given is 

30.27 X 144 ^^. 

= = 623 sq. ms. 

The number of tubes to give this area is 

623 _ 
8.35 " ^ '^' 

Since it is advisable to have a circulation space in the center, 
74 tubes will be assumed for trial number. 
Boiler Diameter. — The total volume of the boiler will be 

Steam space, 125 X 0.7 = 87.5 cu. ft. 

Water space, 87.5 X 2.5 = 218.8 cu. ft. 

rp v^ 74 X 9.62 X 18 ^^ ^ .. 
Tube space, tja ~ °^-" ^^- "• 

Total 395.3 cu. ft. 
The tube sheet area must be 

395.3 X 144 



18 



= 3162.4 sq. ins. 



Diameter corresponding 63.45 ins. Use 66 ins. diameter since 
the latter is to be a multiple of 6 ins. 

The trial grate dimensions are satisfactory for use with this 
boiler diameter. Therefore the grate will be made 5i ft. by 5i ft. 
Area 30.25 sq. ft. 
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TTo/er Levels. — The normal mean water level is found on the 
basis of transverse areas. The area of a 66 inch circle being 
3421 sq. ins. and that of the tubes 

74 X 9.62 = 712 sq. ins., 

the area of steam plus water will be 

3421 - 712 = 2709 sq. ins. 

Dividing this in the proper ratio the area exposed to steam will be 

-^ = 774 sq. ins. 

The height of segment corresponding may be found from the 
plot, Pig. 118, p. 213, where 

A ^ 774 
D^ 66X66 

= 0.177. 
Then ^ = 0.277, 

h = 0.277X 66 
= 18.28 ins. 

The normal mean water level is 

33 - 18.28 = 11.72 ins. 

above the center of the boiler. 

Allowing the proper distance between gage cocks, 5 ins., and 
3J ins. of water above the tubes at low water level. Table 
XXXVII, p. 214, the top of the upper row of tubes will be 

11.72 - 5 - 3.5 = 3.22 ins. 

above the center of the boiler. 

The maximum mean water level will require the area of tube 
sheet exposed to steam to be 

0.7 X 125 X 144 ^^ . 
Tg = 700 sq. ms. 

Find the height of segment corresponding by reference to the 
plot, Fig. 118, p. 213. 

A ^ 700 
D^ 66 X 66 

= 0.1607. 
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^ = 0.258. 

h = 0.258 X 66 
= 17.03 ins. 

The maximum mean water level from center of boiler is 

33 - 17.03 = 15.97 ins. 

Top of upper row of tubes from center of boiler is 

15.97 - 8.5 = 7.47 ins. 

Thickness of Shell and Tube Sheet. — The desired shell thickness 
is readily obtained from the plot, Fig. 11, p. 57, where the joint 
efficiency is taken 94 per cent. 

Thickness = 0.478 in. 

The thickness used will be J in. 

The tube sheet will be taken ^ in. thicker, viz,, ^y in. 

Txjtbe Sheet Lay-out. — Before proceeding further with the cal- 
culations the arrangement of tubes must be determined from the 
tube sheet drawing. Fig. 185. 

Locating the manhole as low as possible. Fig. 122, p. 219, with 
the tube sheet flanged to an internal radius of twice its thickness, 
and with a minimum distance between tubes vertically of | in., it 
is found necessary to place the top row of tubes 6 ins. above the 
center of the boiler. This will raise the mean water level slightly 
above the maximum determined, but does not seriously affect the 
volume of the steam space. The number of tubes is reduced to 
72, and the desirability of using this number will be established 
by reference to the final ratios. A circulation space of 3 ins. is 
left between the middle rows of tubes. 

Final Ratios. — A satisfactory tube arrangement having been 
decided upon, the several ratios called for on the tube sheet draw- 
ing may be found and compared with those specified in the prob- 
lem. 

Tvbe area, transverse internal = C. ' 

72 X 8.35 



Grate area = G, 



^~ 144 
= 4.18 sq. ft. 

G = 5.5 X 5.5 
= 30.25 sq. ft. 
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Heating surface = H. 



ir33Xl8 72X10.24X18 
^ 12 "^ 12 

= 1261 sq. ft. 

Steam space at mean water level =^ S. 

Height of segment = 33 - 6 - If - SJ 

= 16J ins. 

h ^ 16.75 
D 66 

= 0.254. 

From plot, Fig. 118, p. 213, 









A 


■■ 0.157. 












A = 


0.157 X 66' 














684 sq. ins. 












S = 


684X18 
144 














' 85.5 cu. ft. 






Waier 


space 


at mean water level = W. 








W = 


(Area 


of head - 


- steam area - 


tube 


area) length 




^ 


(3421 


-684- 


72 X 9.62) 18 








= 


255.8 


cu. ft. 








Ratios 


* 












(1) 




C 
G~ 


4.18 
30.25 






. 



(2) 



(3) 



= i^-nr (actual) .... = (desired). 

H ^ 1261 
G 30.25 " 
= 41.71 (actual) .... 37 (desired). 

S ^ 85.5 
W 255.8 

1 1 

(actual) .... s"? (desired). 



2.99' ' 2.5 
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S 85.5 



(4) 



(5) 



H.P. 125 

= 0.68 (actual) . . . • 0.70 (desired). 

H 1261 



H,P. 125 

= 10.1 (actual) .... 10 (desired). 

Staying above the Tubes. — Having decided on the arrangement 
of tubes, the details of the staying may be worked out. Refer- 
ring to the tube sheet drawing, the scaled distance from the center 
of the boiler to the center-line of the upper row of tubes is found 
to be 6 ins. Then the height of the unstayed area, Fig. 130, 
p. 232, is 

Rad. of boiler — J tube dia. — 6 ins. — 3 X tube sheet thickness, 

or 33-^-6-1^ = 24.438 ins. 

4 16 

Assume the distance from the top row of rivets to the flange stiff 
UneasB + 2 ins.. Fig. 131, p. 236. 

Then, for A = B, 

5 B + 2 = 24.438, 
B = 4.488 ins. 

An eight inch shipbuilding channel weighing 21.5 lbs. per foot, 
Table XLI, p. 238, and \i in. rivets will be assumed as a trial. 
The following quantities should be noted for the rivets (|f in.) 
and plate {^^ in.) in question. 

Max. spacing as regards plate, Table XXXIX, p. 233, equals 
7.22 ins. 

Max. area one rivet will support. Table XL, p. 235, equals 
27.62 sq. in. 

The maximum distance between rivet centers with the channel 
section chosen, allowing § in. clearance, may be 

8 - 2 X 0.525 - 2 X 0.125 - 2 X 0.9375 = 4.83 ins. 

Hence the distance between rivet rows will be made 4.5 ins. 
with A == B and the distance from the top row of rivets to the 
flange stiff line B + l^f ins., instead of B + 2 ins., as assumed. 

The upper boundary of the surface to be alloted to the stay 
rods is found by the use of mean radial lines as explained in Art. 
68, Fig. 137, p. 245. 
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The load as determined from the drawing is, for the upper 
channel, 

9.25 X 1 X 150 = 1387 lbs. per in. of length, 

and for the lower channel, 

9 X 1 X 150 = 1350 lbs. per in. of length. 

Assume the upper stay rods 17 ins. apart. 
Then from the plot. Fig. 135, p. 242, with 

y ^ 17 
L 43.5 
= 0.391 

the value of the stay rod load is found to be 

Sj = S, = 0.388 wL 

= 0.388 (1387) (43.5) 
= 23,400 lbs. 

Assuming the distance between stay rods on the lower row as 
15 ins., the values of the stay rod loads may be found from the plot. 
Fig. 136, p. 243, where 

y^ 30 
L 56.5 ' 
= 0.531. 

Hence Sj = S4 = 0.280 wL, 

Sz = 0.260 wL. 

The loads on the stay rods are nearly equalized, which is de- 
sirable. 

For the larger of the preceding values the load is 

& = /S4 = 0.280 (1350) (56.5) 
= 21,400 lbs. 

This load is less than that obtained in the case of the upper 
stay rods, hence the latter should be used in the design as all 
stay rods are to be of the same diameter. 

From Table XLIV, p. 246, it is found that a rod 2 ins. in diam- 
eter has an allowable working load slightly in excess of the 23,400 
pounds required. This size of rod with upset ends 2f ins. in diam- 
eter and 4 threads per inch will be used. 

To test the stay rods for corrosion, assume the diameter to be 
reduced to 1| ins. with a cross-sectional area of 2.76 sq. ins. 
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Applying the test pressure to ascertain if the rod is stressed be- 
yond the elastic limit 

23,400X1.5 ,o^oAiu 

— —nj^ = 12,720 lbs. per sq. in. 

This stress is well below the elastic limit and the rods are 
therefore safe against corrosion. 

Test for Channels. — The upper channel between the stay rods 

is in the worst state of stress. Assume this portion of the channel 

to be a beam 14.88 ins. long supported at the ends. The rivet 

loads will be 

(19.36 + 16.60) 150 = 5400 lbs., 
and 

(20.28 + 16.60) 150 = 5530 lbs. 

. The supporting force at one end is 8165 lbs. 

The maximum fibre stress as determined from the bending 

moment at the center and the section modulus of the chosen 

channel (2.9) is 

f_My 

.^ (8165 X 7.44 - 5400 X 3.72) 
^ 2.9 

= 14,000 lbs. per sq. in. compression, 

which is satisfactory, Art. 68, p. 248. 

Test for Rivets. — The largest rivet area is found to be 20.28 
sq. ins. which is within the allowable area. Table XL, p. 235, for 
\i in. rivets. While | in. rivets would appear to provide the 
necessary strength, the rivet loads, as determined from the areas, 
are more or less uncertain and the \i in. rivet is chosen to increase 
slightly the factor of safety. 

Staying below the Tubes. — The line through the center of gravity 
of the area on the rear tube sheet which requires staying. Fig. 144, 
p. 255, is found to be VV ^- above the center of the manhole. There- 
fore, the center of the stay rods will be located on this line. Assume 
the width of the eye where it enters between the angles to be 
If ins. Try angles 5 ins. X 3 ins. X i in. with rivets \i in. 
in diameter before driving. Place rivets IH ins- from the backs 
of the angles, which will allow J in. clearance for driving. 

Space rivets on upper row, 5 ins. on centers and on lower row 
4J ins. on centers. 
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The several aread as determined by planimeter are shown in 
each case to be less than that allowed for the given size of rivet. 
The total load to be supported by the stay rod is 

(25.60 + 21.60 + 23.20 + 21.60 + 17.60) (150) = 16,440 lbs. 

This load would appear to require a stay rod If ins. in diam- 
eter, Table XLIV, p. 246. However, since the load is known 
with a good degree of surety, a stay rod 1 J ins. in diameter will be 
used, the factor of safety being somewhat less than seven. The 
diameter of the upset end is 1| ins. with five threads per inch. 

Size of Pin. — Assume the pin to be a beam uniformly loaded, 
and supported at points one-half the thickness of the leg from the 
back of the angle. 

WL4: 

where W = 16,440 lbs., 

L = 2i ins. 

Assuming a steel of 60,000 lbs. per sq. in. ultimate tensile strength, 
a factor of safety of 6, and a multiplier of 1.8 due to the round 
section, the permissible fibre stress is 

. ^ 60,000 X 1.8 
^ 6 

= 18,000 lbs. per sq. in. 

u lonnn 16,440 X 2.25 X 4 
Hence 18,000 = — ^—3 , 

r = 0.689 in. 

Use a pin 1.5 ins. diameter. 

Location of Pin in Angles, — To find the position of the pin in 
the angles, take moments about the center. Art. 68, p. 257. The 
sum of the moments of the rivet loads is found to be 97,000 in. 
lbs. The theoretical location of the pin is 

97,000 _ . 

iM40 " ^'^ '^• 

from the center line of the boiler. This distance is made 5J ins. 
or somewhat less than the calculated value. 

Dimensions of Eye. — Area of cross-section of eye is taken as 
50 per cent in excess of that of the rod. Art. 68, p. 256. 

Then A = 1.50 (1.767) 

= 2.651 sq. ins. 
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The thickness of metal around the pin is ^ ' ^ - = 0.757 in. 

2t X 1.70 

Use an eye 1.75 ins. wide by 3 ins. in diam. 
Ted far Angles. — (a) Upper Angle. 

Distance between stay rods or length of beam to be tested 11.50 
inches. 
Rivet loads, 

(25.60) (150) = 3840 lbs., 
and (21.60) (150) = 3240 lbs. 

Supporting force = 7080 lbs. 

Between the inner rivets the bending moment is constant and a 
maximum for the angle. 

7080 X 3.25 - 3240 X 5 = 6810 in. lbs. 

The section modulus of the angle chosen is 2.9. 

My 



Hence / = 



/ 

6810 



2.9 
= 2350 lbs. per sq. in. compression. 



(b) Lower Angle. 
Rivet loads, 



17.60 (150) = 2640 lbs. 

21.60 (150) = 3240 lbs. 

23.20 (150) = 3480 lbs. 

Supporting force = 9360 lbs. 

The maximum bending moment is that at the pin and equals 

2640 X 6.125 + 3240 X 1.375 = 20,630 in. lbs. 

^ 20,630 
^ 2.9 

= 7120 lbs. per sq. in. compression. 

This corresponds, roughly, to a factor of safety of 8. The 
angles are therefore adequate. 

Design far Longitudinal Riveted Jaint. — It is necessary to select 
a type of joint such that an efficiency of at least 94 per cent 
may be obtained with a main plate thickness of i in. A quadruple- 
riveted butt-joint with rivets arranged as in joint 0, Table XXI, 
p. 171, ful&ls these conditions. Assuming a rivet }f in. in diam- 
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eter reference to the table shows the maximum value of the 
pitch to be 17.42 ins. with an efficiency of 94.6 per cent. The 
calking pitch is one-fourth of this or 4.36 ins. From Table 
XXIII, p. 173, the maximum calking pitch for ^j[ in. plate and 
\i in. rivets is found to be 4.22 ins. It will, therefore, be neces- 
sary to make the outside cover plate J in. thick, which will calk. 
This change does not affect the pitch. 

The laps as determined from Art. 48, Chap. Ill, are as fol- 
lows: 

Main plate. Table IV. Lap 1.54 ins. Use 1^^ ins. 

Outside cover plate. Fig. 76. Lap 1.23 ins. Use l\ ins. 
Inside cover plate. Table III. Lap 1.42 ins. Use 1^ ins. 

Insertion of Longitudinal Joint. — The distance between extreme 
ring seams is found to be 

216 - i - ^ff = 214H ins. 

Subtracting from this six end pitches p2, Fig. 97, (0.8 X 4.36 = 
3.49, use 3.5 ins.), the remaining distance is found to be 

214H - 6 X 3.5 = 193.94 ins. 

The number of short pitches pi is then 

"1:36 " •^• 

If the short pitches are increased to 46 in number for convenience 
in apportioning them among the courses, the pitch becomes 

193.94 



46 



= 4.216 ins. 



This slight change in the pitch will not materially affect the 
efficiency. 

The joints in the middle and rear courses are made duplicates 
each having 16 pitches pi, a multiple of four. The front course 
will have 14 pitches, a multiple of four, plus two. 

The distance between ring seams on the front course is 

2 X 3.5 + 14 X 4.216 = 66.02 ins. 

The distance from the front ring seam to the bridge wall, see 
Fig. 181, p. 300, is obtained by adding the clearance for the rivet 
heads in the front ring seam, the thickness of the setting front, 
the width of two fire bricks, the length of grate and clearance 
at the rear of the grate for expansion, or 

1 + 1 + 9 + 66 + 1 = 78 ins. 
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Thus the ring seam at the back of the front course is 

78 - 66 = 12 ins. 

in front of the bridge wall, which is satisfactory. 

The distance between rivet rows as found either graphically, 
Fig. 52, p. 101, or by use of equation (72), is 2.25 ins. 

The total width of outside cover plate is 

2 (li + 2i + lA) = lOi ins. 

In determining the width of the inside cover plate it is neces- 
sary to know the distance between the outside rows of rivets. 
As a minimum this distance might be 2 (|f) + A = 2^^ ins. 
However, in order to provide sufficient space for the calking tool 
this distance is increased to 2^ ins. 

The total width of inside cover plate is then 

2 (1 A + 2i + if + A + U + 2i + li^ir) = 201 ins. 

In spacing the rivets on the middle and rear courses it is found 
necessary to move the outside rivets one-half of their pitch. The 
efficiency of the pitches next to the ring seam is thereby reduced. 
However, since this region is one of inherent strength due to the 
meeting of the joints, the arrangement may be considered satis- 
factory. 

The joint having been inserted the final factor of safety may 
be found from equation (89), p. 117, 

/ 16.864 - 0.938 \ / 55,000 X 0.5 \ 

\ 16.864 M 150 X 33 A ^•^^• 

Girth Seam. — The ring seam pitch as found from Table VII, 
p. 157, is 2.07 ins. The maximum pitch, however, as determined 
from principles laid down m Art. 47, p. 132, is If + i| = 2^ ins. 

The number of ring seam pitches is then 

66t 



2.32 



= 89.2. 



Eighty-eight pitches will be used since this number is a mul- 
tiple of 4. Calculations for the factor of safety on the ring seam 
are of little value owing to the large amount of end thrust taken 
by the stays and tubes. 

Locaiifm of Joints CircumfererUially, — The joints on the end 
courses should be placed as high as possible and still allow a 
space of approximately one inch between the inside cover plate 



/ 



1 

1 



\ 



\ 
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and steam nozzle. Thus it is found that the center line of the 
joint should be 8} ring seam pitches from the top of the boiler. 
The middle course joint must be placed to clear the manhole 
ring. It is found necessary to place it 11 J pitches from the top 
of the boiler. 

Uptake. — Taking the cross-sectional area of the uptake one- 
eighth the grate area, 

Area of uptake = — ^ 

= 3.78 sq. ft. or 544 sq. ins. 

Using as a mean value for the width 0.69 of the diameter, it will be 

0.69 X 66 = 45.5 ins. 

The length corresponiiiag is 

544 

-...-=. =? 11.96 ins. 

4o.5 

Make uptake 46 ins. long by 12 ins. wide. 

This width is found to be satisfactory with respect to the plac- 
ing of the longitudinal joint. 

Manhole and Steam Nozzle Riveting. — The arrangement of 
rivets in the manhole seam is that shown in Fig. 156, p. 276. 
Steam nozzles of specified size are located near the center of the 
front and rear courses. Rivets J in. in diameter are used in both 
cases. 

Fusihle Phig. — In order that the fusible plug, Fig. 169, p. 286, 
may be located 2 ins. above the tubes it is necessary to bend up 
slightly the lower flange of the channel. 

Feed Pipe Bushing. — The feed pipe bushing. Fig. 170, p. 288, 
is located at the center of the lower channel near the left end. 

Blow^ff Connection. — A forged flange. Fig. 165, p. 282, is at- 
tached at the bottom of the boiler 6 ins. from the rear ring 
seam. 

Brackets. — Eight brackets of the type shown in Fig. 174, 
p. 294, are located in accordance with the discussion of Art. 69, 
p. 293. 

The following drawings, Figs. 185 and 186, have been prepared 
to accompany the foregoing calculations. 
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CHAPTER VI. 

DESIGN OF A DRY BACK SCOTCH BOILER WITH 
COMBUSTION CHAMBER IN SHELL EXTENSION. 

In this chapter the complete design of a dry back Scotch boiler 
will be worked out as an application of the principles laid down in 
the foregoing discussion. 

The illustration, Fig. 187, shows the usual form in which this 
boiler is manufactured. Partaking as it does of many of the 
characteristics of the marine Scotch boiler, it serves as a com- 
pact and efficient steam generator. It is easily transportable, 
requiring no other setting than a pair of structural steel cradles 
and the usual covering of insulating material. The outer shell, 
consisting generally of two courses, can be safely made of sufficient 
diameter and thickness to comprise the necessary internal heating 
surface while confining boiler pressures of considerable intensity. 
To give transverse strength to the shell the ring seams are usu- 
ally double-riveted lap joints. The longitudinal seams permit as 
much complication as is necessary to gain the requisite efficiency 
of joint. A corrugated furnace tube securely riveted to flanges 
in both of the tube sheets forms a receptacle for a long and rather 
narrow grate and provides at the same time heating surface of 
great value. The furnace seams must be of the single-riveted 
lap type in order to withstand the intense heat. Even when so 
designed, however, their durability is not great and a baffle arch 
is frequently located, where the furnace joins the rear tube sheet. 
This expedient assists in mingling the products of combustion 
and protects the ring seam from overheating. The grate and 
bridge wall are fastened in the furnace tube without puncturing 
the walls of the latter except in the case of two bolts close to the 
fire door. Since the ash-pan has but little value as heating sur- 
face the grates are given a decided slope downward toward the 
bridge wall. 

In an extension of the shell at the rear is placed an external 
combustion chamber built of fire brick with special slabs forming 
the roof. This brick work, heated to incandescence, increases 
the vigor of the combustion and returns the hot gases to the 

327 
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mouths of the boiler tubes. In the larger sizes of boilers two 
furnace tubes may be used communicating with a common com- 
bustion chamber. The furnaces fired in alternation thus assist 
one another in the consumption of smoke. 

The remaining space in the tube sheets below the limit of the 
water level is utilized for the insertion of boiler tubes. A large 
circulation space is provided over the furnace tubes and the 
individual spaces between tubes are kept as large as possible 
consistent with obtaining the requisite heating surface. 

The upper portions of the tube sheets are not exposed to the 
products of combustion, hence comparatively thick plate may be 
used for these memtfers and correspondingly heavy construction 
may be employed in the staying system. The latter consists of 
through rods carrying heavy check-nutted washers at their ends. 
The washers distribute the holding power of the rods over a 
large area of plate so that diagonal stays are not necessary. Light 
angles are riveted externally to both the front and rear tube 
sheets in order to provide for the respective attachment of the 
uptake and combustion chamber roof. To give access to the 
exterior of the furnace tubes commodious handholes are provided 
at each side. In the case of double furnace tubes additional 
manholes are generally installed in the triangular spaces both 
above and below. A manhole in the top of the shell near the 
rear provides for the inspection and repair of the stay rods. Since 
a fairly high water level is carried in boilers of this type the with- 
drawal of steam is generally accomplished by use of a perforated 
dry pipe. A second steam nozzle is riveted to the shell to pro- 
vide for the attachment of the safety valve. The end sheets in 
the combustion chamber extension are bolted to place so that 
the brick work is entirely accessible for repair. 

73. Specifications. — The following general specifications are 
intended to apply to the design of any dry back Scotch boiler. 

Shell Plates, — Plates shall be of best quality 0. H. Firebox 
Steel, having the following qualities: 

Tensile strength, lbs. per sq. in.: 

Not less than 52,000 

Not more than 62,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

_-, A* • o • X 1,000,000 

Elongation in 8 ins., mm. per cent - vp ^- — 
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Heads. — Heads shall be of best 0. H. Flange Steel, having the 
following qualities: 

Tensile strength, lbs. per sq. in. : 

Not less than 65)000 

Not more than 65,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

Elongation in 8 ins., min. per cent * ^ — 

l.b. 

All heads shall be machine-flanged by the spinning process to 
an inner radius not less than two times the thickness, and thor- 
oughly annealed. 

Rivets. — Rivets shall be of the best quaUty of soft steel accord- 
ing to the following specifications: 

Tensile strength, lbs. per sq. in. : 

Not less than 45,000 

Not more than 55,000 

Elongation in 8 ins., min. per cent, but need not exceed 

on X 1,500,000 
30 per cent -^-^r^ 

Shearing strength, lbs. per sq. in 45,000 

Crushing strength (bearing pressure), lbs. per sq. in. 
of projected area * 96,000 

Rolling. — The plates shall be rolled cold by gradual and reg- 
ular increments to the exact radius required and the whole cir- 
cumference rolled to a true circle. Butt-straps shall be rolled to 
the same radius as the shell in special forms made for that pur- 
pose. 

Planing. — The edges of the plates shall be beveled to an angle 
of about 75 degrees on a plate planing machine. After the heads 
have been flanged and annealed, the calking edge shall be turned 
off on a milling machine to the same bevel as the shell plates. 

Seams and Riveting. — The longitudinal seams shall be of the 
butt-joint type with inside and outside cover plates. The cir- 
cular or girth seams in the shell shall be of the double-riveted lap 
joint type; those at the ends of the furnace of the single-riveted 
lap joint type. Longitudinal seams shall come well up in the 
steam space of the boiler and shall break joints in the several 
courses. 

Rivets shall be tV in. smaller in diameter than the holes they 
are intended to fill. All holes shall be drilled to size with all 



330 BOILERS AND PRESSURE VESSELS 

plates and cover plates in place, after the plates have been rolled. 
After drilling the holes the plates shall be taken apart and the 
burrs removed from the edges of the holes. Previous to the 
drilling the holes may be punched cold to a diameter J in. less 
than that to which they are to be finished. All riveting shall 
be done with a hydraulic riveting machine wherever practicable, 
pressure being kept on each rivet until it has taken its shrinkage 
to insure tight joints. Rivet heads on all machine-driven rivets 
shall be of the type ordinarily used in pressure work. Where 
necessary, the rivets may be pneumatically driven, the formed 
head taking the above shape, the other retaining its original 
shape. 

Calking. — All seams shall be carefully calked with a pneumatic 
hammer, using a round-nosed calking tool. 

Tubes, — Tubes shall be made of the best American lap-welded 
or seamless steel, arranged in vertical and horizontal rows with a 
wide central space for circulation over the furnace tube. 

Furnaces. — The boiler shall be provided with one corrugated 
furnace tube of the Morison suspended type securely riveted to 
flanges in the front and rear tube sheets. The inside diameter 
shall be sufficient to secure the requisite grate area consistent 
with a reasonable length. The thickness of the furnace tube 
shall be such as to make it conform to the rules of the U. S. Board 
of Supervising Inspectors. 

CombvMion Chamber, — The boiler shall be provided at its 
rear end with a combustion chamber 30 ins. deep in the clear. 
The rear wall of the combustion chamber shall be 9 ins. thick, of 
fire brick, the sides and bottom formed by laying an inverted fire 
brick arch 4^ ins. thick inside the dry back extension. The top 
of the combustion chamber shall be made of fire brick tile slabs 
5 ins. thick, 30 ins. long and 15 ins. wide, with projections at the 
sides so as to interlock with one another. These slabs shall rest 
at their rear ends upon a corbeled-out portion of the combustion 
chamber wall and at their front ends upon a 3 ins. X 3 ins. X W ii^* 
angle riveted to the rear boiler head just above the top row of 
tubes. The fire brick lining may be chipped locally to accommo- 
date stay rod washers and an occasional tube. The shell of the 
combustion chamber shall be made of J in. boiler plate fastened by 
a single-riveted lap joint to an extended portion of the main shell. 
The frame for this chamber shall be made of 2^ ins. X 2^ ins. X 
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A in. angles, with the lower plates riveted and the upper ones 
bolted to place, the latter to give access to the cavity above the 
tile slabs. A door 18 ins. wide by 15 ins. high shall be located at 
the bottom of the combustion box and a liner I in. thick shall be 
riveted to the angles forming the door frame. 

Staying above Tubes, — Each head above the tubes shall be 
stayed and the arrangement shall be such as to secure an even 
spacing of the stayed points and a good support for the entire 
surface. The reaches of plate between stays in the tube sheet 
shall not exceed in length those allowed for stay bolts on flat 
plates of similar thickness. The stay rods shall be so spaced as 
to secure the most uniform loading possible. Through stay rods 
shall be of weldless steel type with upset threaded ends; they 
shall conform to the dimensions and specifications usually given 
for such members and shall pass through and be secured to the 
heads with standard nuts. Heavy steel boiler plate washers 
with beveled edges shall be used on the outside to distribute the 
stress and check-nuts of half standard thickness shall be used on 
the inside of the boiler. 

All rods above tubes shall be located far enough apart hori- 
zontally so that a man may readily enter the boiler through the 
manhole. 

Staying bdow Ti/bes. Whenever necessary, each head below the 
tubes shall be braced at the sides by one or more through rods of a 
type similar to that specified above. The front end of the stay 
rods shall be upset and threaded. The rear end shall be upset 
and forged to the form of an eye and fastened by means of a pin 
to two steel angles securely riveted to the rear head. The angles 
shall be set off from the head at least 3 ins. by pipe thimbles on 
the rivets so that the metal in the angles shall not be subjected 
to the heat of the fire. The front end of the rods shall pass through 
and be secured to the front head by inside and outside nuts, and 
heavy external beveled washers. When a handhole is in close 
proximity to a stay rod nut in the front head, the washer may be 
incorporated with the reinforcing pad around the handhole and 
placed inside. In such a case the pad shall be riveted securely 
to the tube sheet by rivets having heads countersunk on the 
inside. 

Manhole in Shell. — One manhole 11 ins. X 15 ins. shall be located 
in the shell on top of the boiler, in the center of the rear course. 
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It shall have a pressed steel frame or ring securely riveted to 
the shell. It shall be fitted with a pressed «teel cover, bolt and 
yoke, and a copper or rubber gasket. The frame shall have a 
net cross-sectional area on a line through its center parallel to 
the axis of the shell, the tensile strength of which is at least 
equivalent to that of the shell plate removed on the same line. 
The frame shall be riveted to the shell with two rows of rivets. 
The resistance of the rivets in shear or in crushing on one side 
of the longitudinal section through the center of the frame shall 
not be less than the tensile resistance of the plate removed on the 
same section. 

Handholes, — Two 5| ins. X 8 ins. handholes shall be located in 
the lower part of the front head, one each side of the furnace. 
There shall be at least 2 ins. of clear plate all around each 
handhole, the same to be reinforced by a pad or ring of the same 
thickness as the head and at least 2 ins. in width. The ring 
shall be securely riveted to the tube sheet on the inside with 
the rivet heads countersunk and left smooth to form a seat for 
the handhole gasket. Provision shall be made for the use of a 
standard pressed steel handhole cover and yoke. 

Nozzles. — Two cast or forged steel nozzles shall be machine- 
riveted to the shell for main steam and safety valve connections. 
The flanges which join the shell shall be beveled and calked on 
the outside. 

Water Column Connections. — Two holes of diameter specified 
shall be tapped for water column connections. The water con- 
nection shall be taken from a point in the right side of the shell 
near the horizontal diameter at least 8 ins. back from the front 
tube sheet and the steam connection from a similar point at the 
top of the shell. 

Feed Pipe Connections. — Upon the left side of the boiler at a 
level a little below that of the top row of tubes and about one 
foot from the front tube sheet, a forged steel pipe flange shall be 
riveted to the shell. The size of the flange shall be sufiicient to 
accommodate a suitable feed pipe bushing. The feed pipe shall 
be screwed into this bushing from without and a male and female 
elbow with distributing pipe from within. The latter shall ex- 
tend about 4 ft. along the side of the boiler toward the rear and 
shall be perforated on its lower side to throw the feed water into 
the circulation. 
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Blow-off Connections, — A forged steel pipe flange shall be 
riveted to the bottom of the boiler near the rear end and tapped 
to receive the size of blow-oflf pipe specified. 

Smoke Bonnet, — Provision shall be made by riveting 2J ins. X 
2^ ins. X A i^- angles across the front head just above the tubes 
and around the furnace opening for the attachment of a sheet- 
iron smoke bonnet. 

FusMe Plug, — A fusible plug of approved pattern, filled with 
pure tin, shall be located in the rear head of the boiler not less 
than 2 ins. above the top of the upper row of tubes. 

Test. — A hydrostatic pressure test (cold water) of one and 
one-half times the working pressure for which the boiler is intended, 
shall be applied, and the boiler shall be suitably designed for 
tight joints under that pressure. 

74. Statement of Problem. — The solution of the following 
problem will be given in full. 



Design a dry back Scotch boiler with combustion chamber in shell exten- 
sion, to conform to the preceding specifications and to embody the following 
general dimensions: 

General Dimensions: 

Rated Horse-Power (A.S.M.E. standard) 100 

Working Pressure, lbs. per sq. in 150 

Length of Tubes, ft \2\ 

Number of Courses 2 

Number of Furnaces 1 

Diameter of Steam Nozzles (2), ins 6 

Diameter of Feed Pipe, ins 1 J 

Diameter of Blow-off Pipe, ins 2 

Diameter of Water Colunm Connections, ins IJ 

Kind of Coal Bituminous 

Tjrpes of Joint to be used: 

Ring Seam Joints Double-Riveted Lap. 

Furnace Joints Single-Riveted Lap. 

Butt-joint with inside and out- 
side cover plates, having an 
efficiency of at least 94 per cent. 

Design to include: 

(a) Complete calculations. 

(6) Working drawings fully dimensioned, of 

(1) Tube sheet, with staying. Scale, 3 ins. = 1 ft. 

(2) Boiler; end view, longitudinal section, development of joints. 
Scale, 1} ins. » 1 ft. 



Longitudinal Joints, 
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The following specific values of constants, for which a general dis- 
cussion is given in Chap. IV, will be assumed. 

Rate of Evaporation, lbs. of water per lb. of coal, about. ... 9.5 
Rate of Combustion (bituminous coal), lbs. per sq. ft. of 

Grate Surface per hr., about 18 

Ratio: Length to Outside diam. of Tubes, about 45 to 1 

Ratio: Internal Transverse Tube Area to Grate Area, about 1 to 6 

Steam Space per Boiler H.P., cu. ft., at least 0.70 

Ratio: Steam Space to Water Space, about lto3 

Heating Surface per Boiler H.P., sq. ft., at least 6 

Ratio: Heating Surface to Grate Surface, about 34 to 1 

Boiler Diameters to vary by increments of , ins 6 

Reach of Riveting Machine, ft 7 

Grate: Maximum Length, ft 61 

Width equals internal diameter of furnace tube. 

Length may vary in increments of, ins 3 or 4 

Least Factor of Safety 5 

76. Calculations. 

QraJte. — The number of pounds of water to be evaporated per 
hour may be obtained from the rated horse-power (A.S.M.E. 
standard, p. 5). 

100 X 34.5 = 3450 lbs. of water per hour. 

The coal to be burned per hour is found from the above and 
the rate of evaporation given. 

-^-^ = 363 lbs. of coal per hour. 

«7.0 

From the rate of combustion the theoretical grate area is found 
to be 

^ = 20.18 sq. feet. 

Tvbea, — The tube diameter for the given ratio of length to 
outside diameter is 

12.5 X 12 __ Q QQ • ^ 

7= = 6.66 ms. 

45 

Tubes 3.5 ins. in diameter will be used. 
From Table XXIX, p. 190, 

Internal circumference — 10.24 ins.. 

External transverse area » 9.62 sq. ins., 
Internal transverse area » 8.35 sq. ins. 
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The total internal transverse tube area is computed from the 
theoretical grate area and the ratio given. 

20.18 X 144 ^^^. 

5 = 4o4.o sq. ms. 

o 

The number of tubes to give this area is 

484.3 



8.35 



= 58.0. 



The best possible arrangement of this number of tubes will 
therefore be laid out upon the drawing. 

Furnace Size. — Try a grate 6 ft. in length. Corresponding 
width of grate will be 

20.18 X 12 



6 



= 40.36 ins. 



Use grate 40 ins. wide. Assumed mean diameter of furnace 
tube may then be taken as 

40 + 2 = 42 ins. 

Furnace Tube Thickness. — Using Supervising Inspectors' Rule 
for Morison tubes, p. 207, 

42 X 150 
15,600 

= 0.399 in. 

Use furnace tube thickness iV in. From the standard propor- 
tions of Morison tubes, Fig. 117, p. 205, the actual outside diam- 
eter of the corrugations will be 

40 + J + 3 = 43| ins. 

and the actual mean diameter will be 

40 + 431 .,.. . 
2 — " = ^^^i "^• 

The actual outside diameter of the plain portion at the ends 
will be 

43J + i = 44i ins. 

BoHer Diameter. — The total volume of the boiler will be, 
from the original ratios. 
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Steam space, 100 X 0.7 = ' 70.0 cu. ft. 

Water space, 70.0 X 3 = 210.0 cu. ft. 

T, , 58 X 9.62 X 150 .^ ., ., 

Tube space, r=so = 48.44 cu. ft. 

„ , T (41.94)2 X 150 ,,^^ .^ 

Furnace volume, a v 179^ — ~ 119.9 cu. ft. 

Total 448.34 cu. ft. 

For a length of 12.5 ft. the corresponding area of the head 
will be 

448.34 X (12)2 . 

The latter figure corresponds to a diameter of 81.10 ins. To 
bring the diameter to a practical figure and make some allowance 
in the capacity of the boiler the diameter will be made 84 ins. 

Waier Levels. — The normal mean water level is calculated on 
the basis of transverse areas. 

The area of an 84 in. circle is 5541.8 sq. ins. 

The external area of 58 tubes, 3.5 ins. diameter, is 

58 X 9.62 = 558.0 sq. ins. 

The transverse area of the furnace tube at its average external 
diameter is, Fig. 117, 

^ (43.88 - 1.5)2 = 1410.3 sq. ins. 

The total area to be subtracted from the transverse area of the 
shell will be 

558.0 + 1410.3 = 1968.3 sq. ins. 

The net area for steam and water will then be 

5541.8 - 1968.3 = 3573.5 sq. ins. 

Of this one-fourth is steam and three-fourths is water. There- 
fore the steam area equals 

0070.5 oe\rk A 

— 7 — = 893.4 sq. ms. 

To determine the height of the segment 

^^89SU 
Z>2 (84)2 
= 0.1266. 
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The corresponding ratio from the plot, Fig. 118, p. 213, is 

5 = 0.219, 
and h = 18.40 ins. 

This is the normal mean water level and the distance to the 
tops of the tubes will be, according to Table XXXVII, on p. 214, 

18i + 3 + 3i = 24J ins. 
or 42 - 24J = 17i ins. 

above the center of the boiler. 

The maximum level of the tubes to provide for a net steam 
volume of 0.7 cu. ft. of steam per horse-power is next found as 
follows: The area of the steam segment necessary to accommo- 
date 70 cu. ft. of steam in a boiler 12.5 ft. in length is 

— TTT-^ — = 806.1 sq. ms. 
Iz.o 

Then 

A ^806.1 

D» (84)2 

= 0.1142. 
The corresponding ratio from the plot, Fig. 118, p. 213, is 

-^ = 0.203, 

whence h = 17.05 ins., 

giving a minimum distance to the tube tops of 23.55 ins. 

Thickness of Shell and Tube Sheet. — The desired shell thick- 
ness is readily obtained with the given data from the plot. Fig. 11, 
p. 57, where the joint efficiency is taken as 94 per cent. 

Thickness = 0.609 in. 

Use a thickness of shell equal to | in. The thickness of tube 
sheet will be assumed H ^^ 

Tube Sheet Layout. — Before proceeding farther with the cal- 
culations, the arrangement of tubes must be determined from the 
tube sheet drawing. 

Locating the furnace tube as shown in Fig. 188, the general 
arrangement in regard to circvilation and spacing is obtained. 
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It is seen that there is sufficient room below the normal tube 
level for the placing of but 56 tubes with a circulation space 
8 ins. wide above the furnace. This is probably near enough the 
theoretical number to give good results. 

Final Ratios. — Having established the steam and water vol- 
umes of the boiler, the ratios called for upon the tube sheet draw- 
ing, Fig. 188, will next be determined. 

The grate will be assumed 3 ft. 4 ins. wide by 6 ft. long, giving 
an area of 20 sq. ft. 

The heating surface inside of the tubes is 

56 X 10 .24 X 150 .^^ ^ .. 
:rjT = 597.3 sq. ft. 

The ash-pan sheet in the furnace tube has no special value as 
heating surface and hence will be excluded in the calculation. 
Taking the upper semi-circumference of the furnace tube as far 
back as the rear of the bridge wall and the entire circumference 
thereafter as valuable heating surface, the area, based on the 
average diameter, is computed as follows: 

Width of bridge wall equals 10 ins., width of dead plate equals 
7.5 ins.. Fig. 182, on p. 302. 

Total distance to rear of bridge wall is, therefore, 

72 + 10 + 7.5 = 89.5 ins. 

Length of furnace tube beyond bridge wall is 

150 - 89.5 = 60.6 ins. 

The heating surface inside of the furnace tube computed from 
this data is therefore 96.42 sq. ft. 

The rear tube sheet as far up as the tube tops is very valuable 
heating surface since it is in direct contact with the hot gases of 
the combustion chamber. Subtracting the total transverse area 
of the tubes and furnace from the segment thus exposed to the 
products of combustion? the area remaining is 15.23 sq. ft. 

The total heating surface is, therefore. 

Tubes 597.3 sq.ft. 

Furnace 96.42 sq. ft. 

Rear head 15.23 sq. ft. 

Total 708.95 sq. ft. 

This quantity divided by the horse-power of the boiler indi- 
cates 7.10 sq. ft. of heating surface per horse-power. 
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Taking the original grate surface as 20 sq. ft. the ratio 

H ^ 708.95 
G 20 
= 35.45, 

which is close to the ratio specified in the problem. 
The internal transverse area of the tubes is 

5o. X 8.35 ^ oe tA, 
~y^ — = 3.25 sq. ft. 

and the ratio 

C _ 3.25 

G 20 

1 



6.15 

which closely approximates the data. 

Since the tubes are arranged to correspond exactly to the 
normal mean water level, the ratio of steam space to water volume 
or 

8 _\ 
W 3' 

which was the original assumption. 

The volume of steam per horse-power should be based upon the 
actual level at which the tubes are placed. . The segmental steam 
area as used in the calculation of the normal water level upon 
p. 336 was 893.4 sq. ins. Then the volume of steam per horse- 
power is 

S ^ 893.4 X 150 

H,P. 1728 X 100 

= 0.776 cu. ft., 

a figure well in excess of the stipulated amount. 

Disengaging Surface per Horse-Power, — With the tubes located 
in correct relation to the mean water level, the value of 

h ^ 18.38 
R 42 
= 0.438. 

Then from the plot. Fig. 119, p. 216, 

P = 1.653, 
or ti? = 69.43 ins. 
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The net disengaging area per horse-power is, then, 

69.43 X 12.5 - „„ ,, 
12X100 = ^-^^ "*»• ^*- 

This figure is evidently sufficient as compared with the data 
given in Table XXXVIII, p. 215. 

Staying. — With an assumed thickness of tube sheet of |J in. 
the maximum allowable plate spacing from Table XXXIX, p. 
233, is 8.83 ins. Drawing a series of mean radials as explained 
in Fig. 137, p. 245, the medial line of the unstayed plate is 
determined. Assuming the washers 8 ins. in diameter and of the 
same thickness as the tube sheet, the arrangement shown in Fig. 
188 is found by experiment. The line op at the side indicates the 
limit to which the plate is inherently stiff. The washers are then 
spaced along the medial line so as to give approximately equal 
reaches of plate between their respective stiff circles and the rigid 
plate at the sides. The plate stayed by each washer is assigned 
by the method of loci explained in Fig. 139, p. 248. The larger 
areas held by the upper rods measure by planimeter 193.7 sq. ins. 
each of which corresponds to a gross load of 29,060 lbs. Referring 
to Table XLIV, p. 246, it is seen that a stay rod with a shank 
2\ ins. in diameter is required. This diameter will be used for 
all the stay rods in the upper portion of the boiler. This size of 
rod calls for an upset diameter of 2f ins. and carries a 2f in. 
standard hexagon nut measuring 4} ins. across the flats. The 
drawing indicates the appearance of the staying with the above 
proportions. 

The diagonal of a square having the maximum plate spacing, 
8.83 ins., for its side measures 12.49 ins. By trial upon the draw- 
ing it is found that no point in the stayed surface is more than 
half this amount distant from a point of support. 

The staying in the lower portion of the tube sheet has to be 
worked out by trial. The stiff lines for tube sheet and furnace 
flanges are indicated in Fig. 188. Mean radials to these two circles 
will run approximately to the point c midway between the centers 
a and 6. By trial a position eg is found where the intercept fg cut 
off by the circles is equal to 8.83 ins., the maximum allowable plate 
spacing. Below this line the tube sheet will take care of itself but 
staying must be employed above. The stiff line of the tubes drawn 
in the usual manner defines the upper limit of the unstayed plate. 
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Let it be assumed «that four rivets \i in. in diameter are used, 
thimbles of 1 in. pipe being inserted upon their shanks. The 
width of the eye at the end of the stay rod may be assumed to be 
If ins. which will probably be sufficient for this case. 

Assuming two angles, 3J ins. X 5 ins. X i in., the necessary spac- 
ing between rivets would be about 4J ins. From the propor- 
tions of the area to be stayed the other dimension between 
rivets should be about 6 ins. Having drawn the arrangement as 
shown in Fig. 188, the plate to be allotted to each rivet may be 
defined by the method of loci explained in connection with Fig. 
139, p. 248. The total area supported by the four rivets equals 
78.84 sq. ins. made up of 22.64, 19.64, 19.28 and 17.28 sq. ins. 
upon the respective rivets. The area which a }| in. rivet will 
safely sustain from Table XL, p. 235, is 27.62 sq. ins., hence all 
the above rivet loads are safe ones. The total rod load corre- 
sponding to the above area is 11,830 lbs. By reference to Table 
XLIV, p. 246, it is evident that a stay rod If ins. in diameter 
is indicated. Since a large portion of the area included in the 
above calculation lies near the stiff flanges of the tube sheet, a rod 
1 J ins. in diameter will be considered adequate. There is no reach 
of unstayed plate in this arrangement greater than 6.24 ins., half 
the diagonal of the square to which reference was made above. 
The stay rod passes to the front head at a slight angle and is an- 
chored in an extension of the handhole pad. The staying having 
been satisfactorily designed, the tentative tube sheet thickness, 
H in., will be accepted. 

Riveted Joints. — There are three riveted joints demanding 
attention in this boiler, viz.: the longitudinal seam, the external 
ring seam and the furnace seam. The latter is exposed to the 
fire and hence its calking limit must be established by reference to 
the figures upon p. 132. The external seams are cool and there- 
fore long pitches may be used. 

In selecting a joint it is to be noted that an efficiency of at 
least 94 per cent is required. Joint 0, the proportions of which 
are given in Table XXI, will be used therefore for the longitudinal 
seam. The external ring seams will be double-riveted lap joints, 
Table VIII, and the furnace seams single-riveted lap joints. 
Table VII. 

The following data are necessary in ascertaining the pitch and 
laps for the various joints: 
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Thickness of shell f in. 

Thickness of tube sheet H ^' 

Thickness of furnace tube A i'^- 

Thickness of inside cover plate } in. 

Thickness of outside cover plate to be governed by the 
necessities in regard to calking. 

With a rivet 1^ ins. in diameter the pitch as taken from Table 
XXI is 19.39 ins. The calking pitch along the outer row will 
therefore be 

— :;— = 4.85 ins. 

Referring to Table XXIII, p. 173, it is noted that the limit 
of calking for a working pressure of 150 pounds with 1^ in. 
rivet is 5.03 ins. and that with this figure an outer cover plate at 
least /t ill- ^ thickness must be used. The joint will therefore 
be made up with such an outside cover plate since the thickness 
of the latter does not directly affect the value of the pitch. The 
efficiency of this joint is 94.5 per cent, a figure well in excess of 
that specified in the requirements. 

The rivets in the outer rows of this joint fail by shearing and 
those upon the inner by crushing, hence the following lap values 
may be determined: 

Inside cover plate. Table III. 1.61 ins. Use 1| ins. 

I 
Outside cover plate. Fig. 76, - » 1.1 1.42 ins. Use 1^ ins. 

Main plate. Table IV. 1.75 ins. Use If ins. 

Starting at the center of the joint the first row of rivets is 
located by the lap value given above. The second row is placed 
2^ ins. from the first as found graphically by the method of 
Fig. 52, p. 101. To provide clearance for calking, the third row 
is driven at a distance of 1^ ins. from the edge of the outside 
cover plate. To allow sufficient room for driving, the distance 
between the outer rows is made 2^ ins. 

The pitch for the double-riveted ring seams using rivets 1^ in. 
in diameter as taken from Table VIII is 3.39 ins. and the corre- 
sponding efficiency 68.6 per cent. The distance between the 
staggered rows in this joint as found from formula (72), p. 100, is 
1.98 ins. The rows will be spaced 2 ins. apart. The circumfer- 
ence of a circle 84 inches in diameter is 263.9 ins. Dividing the 
latter by the pitch indicates 77.8 spaces in the ring seam. To 
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make this number a multiple of four the total number of ring 
seam pitches will be made 80, corresponding to a pitch value of 
3.30 ins. and an efficiency of 67.9 per cent. The latter figure is 
calculated from equation (78), p. 114, since the pitch has been 
slightly reduced. The lap for the ring seam must be based upon 
the shearing of the rivets. The value from Table III, p. 137, 
for plate having a thickness of | in. and rivets 1^^ ins. in diam- 
eter is 1.49 ins. A lap 1^ ins. wide will be used. 

The single-riveted lap joint A, Fig. 83, used for the furnace 
seams would generally employ a smaller diameter of rivet in order 
to place less metal in the region of the fire. Selecting therefore 
for this joint a rivet \\ in. in diameter, the pitch from Table VII, 
p. 157, is 2.23 ins. This would give a net distance p — d be- 
tween rivet shanks of 1.29 ins. which is below the usual amount 
allowed in fire seams as indicated upon p. 132. The efficiency of 
this joint with the above theoretical pitch is 57.9 per cent. The 
circumference of a circle having a diameter equal to that of the 
outside of the furnace end is 138.6 ins. The pitch of this joint 
can safely be increased to 

1.375 + 0.938 = 2.313 ins. 

Dividing the circumference of the furnace seam by the latter 
quantity it is evident that 59.9 spaces may be used. In order to 
make the total number of pitches divisible by four, 60 spaces 
will be used, the corresponding distance between rivet centers 
being 2.310 ins. 

The efficiency of this joint having an arbitrarily increased 
pitch is dependent upon the shearing failure of the rivets. 

Referring to formula (79), p. 115, 

y ^ (0.69) (45,000) 



(2.310) (tV) (55,000) 
= 0.559 or 55.9 per cent. 



This efficiency is well in excess of that usually required for ring 
seams and hence is satisfactory. 

Since the pitch has been arbitrarily increased in this seam, the 
lap will be based upon the single shearing of the rivets rather 
than tearing of the plate. Its value from Table III, p. 137, for 
plate tV in. in thickness with rivets \i in. in diameter, is 1.42 ins. 
A lap of 1^9 ii^- will be used. Since it is desired to keep the metal 
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in this joint to the lowest possible amount consistent with strength, 
a different lap will be used in the tube sheet flange, based upon 
the thickness of the 'latter. By reference to the same table 
under iJ in. plate and if in. rivets, the lap value is found to be 
1.23 ins. A lap of 1^ ins. will be used. 

Insertion of Longitudinal Joint. — The length of plate between 
the inner rows of rivets in the tube sheet ring seams, as deter- 
mined upon the drawing, is 154.5 ins. From this must be de- 
ducted 2 ins., the distance between the staggered rows of the 
middle ring seam, leaving a net length of 152.5 ins. The pitches 
of the longitudinal joint must be arranged to fill this space with- 
out seriously altering the efficiency. Since the plate thickness 
is so great the form of joint end shown in Fig. 82, p. 144, will be 
used. The total number of small pitches will then be 

4.85 " ^^•^^• 
Trying 32 pitches, the exact value of the latter will be 

, 152.5 



32 



= 4.765 ins. 



and the corresponding longitudinal pitch 19.06 ins. If the end 
spaces Pi are not contracted the efficiency will be 

19.06 — 1.06 _ ^ QyMc 
19^06 " "•^^^' 

or 94.5 per cent, a figure somewhat in excess of the stipulated 
amount. By slightly displacing two inside rivets at the end of 
each joint as shown in the drawing, room for assembling and 
driving all the rivets will be secured. The two seams, each con- 
taining four long pitches, are therefore identical and the design 
may be considered satisfactory. 

The drawing shows the attachment of the steam nozzles, man- 
hole, feed and blow-off pipes, and water column connections 
called for in the specifications. The smoke bonnet is generally 
dependent for its exact arrangement upon the external condi- 
tions surrounding the boiler, hence it has not been shown. An 
accurate location of the fusible plug in the rear head requires the 
roof of the combustion chamber to be placed so high as to con- 
ffict somewhat with the stay rod nuts. The brick work may be 
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CALCULATIONS 345 

chipped slightly, however, to provide the necessary clearance 
room. 

In accordance with the above calculations the tube sheet draw- 
ing, Fig. 188, and the working drawings, Fig. 189, have been 
prepared. 
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CHAPTER VII. 

DESIGN OF A VERTICAL STRAIGHT SHELL MULTI- 
TUBULAR BOILER. 

The specifications and complete design of a straight shell multi- 
tubular boiler, similar to the one described below, are given in this 
chapter. 

A vertical straight shell tubular boiler is shown in Fig. 190. As 
its name signifies the external shell is cylindrical and straight 
throughout its length. This gives a larger steam space and less 
favorable conditions for superheating than in the other types 
of vertical boilers, viz.^ the tapered course and Manning. The 
facilities for inspection, however, are much better than in the latter 
types. The external shell is in three courses. The upper courses 
are preferably identical, with multi-riveted butt-joints. They 
may be made of any desired thickness since they do not come in 
contact with the fire. The lower course, or external furnace sheet, 
is usually thinner than the other courses since the numerous stay 
bolts materially reinforce it. The joint is of the butt-type with 
outside cover plate only. The boiler being under no transverse 
strain, single-riveted lap joints suffice for ring seams throughout. 
The furnace is contained within the shell and consists of rather 
thin boiler plate with a single-riveted lap joint for its vertical seam. 
The bottoms of the internal and external furnace sheets are se- 
curely riveted to the mud-ring — a wrought iron or soft steel ring 
of rectangular cross section. The lower tube sheet, or crown sheet, 
is riveted to the top of the furnace. The upper tube sheet is of 
the ordinary type. Numerous tubes of rather small diameter 
arranged in straight lines give both water-heating and superheat- 
ing surface and form a direct course for the flames from the grate 
to the uptake. To permit of inspection the tubes are kept back 
about one foot from the shell. This leaves the outer portion of the 
upper tube sheet unstayed and a circular row of diagonal braces is 
necessary to support it. A few tubes are usually omitted opposite 
the manhole and additional braces may be required to support the 
plate thus left imstayed. To avoid the use of stay^ in the lower 

tube sheet, the furnace sheet is tapered about two inches from the 
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bottom to the top, thus bringing the stiff tube sheet flange fairly 
close to the tubes and making braces unnecessary. Numerous 
screwed stay bolts headed over cold on the inside and outside 
connect the furnace sheets, thus preventing the inner one from 
collapsing and the outer one from bulging. The grate is on the 
level of the mud-ring and is usually of the segmental type, al- 
though the larger boilers may use the sector pattern. Allowance 
must be made for expansion, hence the grate diameter is somewhat 
less than that of the bottom of the furnace. 

The furnace rests on a cast iron ash-pit frame with double doors. 
A fire door is supported by a frame fastened to the lower course. 
A manhole in the middle course provides an entrance to the boiler 
for inspection. Two 'steam nozzles are placed near the top of the 
boiler on opposite sides, one for the steam pipe and one for a 
safety valve. Since sediment will collect on horizontal surfaces 
handholes are located to give access to such surfaces, i.e., the mud- 
ring, the crown sheet and the flanging over the fire door. A feed 
pipe flange with bushing serves as a coupling between the external 
and internal feed pipes. Provision is also made for water column 
and blow-off connections. One extra heavy tube is inserted with a 
small fusible plug to give warning of low water and overheating. 
A smoke bonnet is riveted to a structural angle which in turn is 
riveted to the upper tube sheet. 

76. Specifications. — The following general specifications 
apply to vertical boilers as a class: 

Shell Plates. — Plates shall be of the best quality 0. H. Firebox 
Steel, having the following qualities : 

Tensile strength, lbs. per sq. in. : 

Not less than 52,000 

Not more than 62,000 

Yield point, min. lbs. per sq. in 0.6 T.S. 

Elongation in 8 ins., min. per cent ' * — 

Heads. — Heads shall be of best O. H. Flange Steel, having the 
following quaUties: 

Tensile strength, lbs. per sq. in. : 

Not less than 55,000 

Not more than 65,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

Elongation in 8 ins., min. per cent * ^l. — 
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All heads are to be machine-flanged by the spinning process to 
an inner radius aot less than twice the thickness, and thoroughly 
annealed. 

Rivets. — Rivets shall be of the best quality of soft steel accord- 
ing to the following specifications: 

Tensile strength, lbs. per sq. in.: 

Not less than 45,000 

Not more than 55,000 

Elongation in 8 ins., min. per cent, but need not exceed 

on * 1,500,000 

30 per cent ^ ' — 

Shearing strength, lbs. per sq. in 45,000 

Crushing strength (bearing pressure), lbs. per sq. in. of 
projected area 96,000 

Seams and Riveting. — The external vertical seams shall be of 
the butt-joint type with inside and outside cover plates. The 
circular or girth seams in the shell shall be of the single-riveted lap- 
joint type; the furnace seam shall be of the single-riveted lap-joint 
type. The shell seam outside of the furnace shall be of the double- 
riveted butt-joint type with outside cover plate only. The vertical 
seams shall break joints in the several courses. 

Rivets shall be iV in. smaller in diameter than the holes they are 
to fill. All holes shall be drilled; i.e., they shall be punched J in. 
small and then drilled to size with all plates and cover plates in 
place, after the plates have been rolled. After drilling the holes 
the plates shall be taken apart and the burrs removed from the 
edges of the holes. All riveting shall be done with a hydraulic 
riveting machine wherever practicable, pressure being kept on 
each rivet until it has taken its shrinkage to insure tight joints. 
Rivet heads, on all machine-driven rivets, shall be of the type 
ordinarily used in pressure work. Where necessary, the rivets 
may be pneumatically driven, the formed head taking the above 
shape, the other retaining its original shape. 

Rolling. — The plates shall be rolled cold by gradual and regular 
increments to the exact radius required and the whole circum- 
ference rolled to a true circle. Butt straps shall be rolled to the 
same radius as the shell in special forms made for that purpose. 

Planing. — The edges of the plates shall be beveled to an angle 
of about 75 degrees on a plate planing machine. After the heads 
have been flanged and annealed, the, calking edge shall be turned 
off on a mill to the same bevel as the shell plates. 
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Calking. — All seams shall be carefully calked with a pneumatic 
hammer, using a round-nosed calking tool. 

Tubes. — Tubes shall be made of the best American lap-welded 
or seamless steel and arranged in straight rows at a uniform dis- 
tance apart. To assist in cleaning, two wide AveaueB at light 
angles to one another shall be left through the tube arrangement. 
The tubes in general shall have at least one inch of clear water 
around them and the avenues shall be at least 3 ins. wide in the clear. 

Tube holes shall be punched not over one inch in diameter and 
drilled to size with a revolving cutter, and the edges chamfered 
to a radius of ^ in. Tube ends shall be carefully expanded and 
beaded over with pneumatic tools. 

Staying of Upper Tvbe Sheet. — The upper head outside of the 
area occupied by the tubes shall be stayed and the arrangement 
shall be such as to secure an even spacing of the stayed points 
and a good support for the entire surface. The reaches of plate 
between stays in the tube sheet shall not exceed in length those 
allowed for stay bolts on flat plates of equal thickness. The 
stays shall be so spaced as to secure the most uniform loading 
possible. Braces shall be of an approved weldless steel t3rpe, 
securely riveted to shell and head and shall conform to the stand- 
ard dimensions and specifications for such stays. The greatest 
allowable angle between braces and shell shall be 20 degrees. 

Staying in Water Legs. — The sheets of the internal furnace shall 
be thoroughly stayed to the outer shell in a regular and syste- 
matic manner. The stay bolts shall be arranged in squares and the 
spacing shall not exceed that allowed on flat plates of equal thick- 
ness. The material and proportions of the stay bolts shall be those 
specified for standard solid boiler stay bolts. The seams in the 
inside and outside furnace sheets shall not be in close proximity to 
one another. A vertical row of stay bolts shall be located near the 
single-riveted lap joint in the inside furnace sheet. The stay bolts 
shall be securely headed over cold upon the inside and outside by 
a pneumatic riveter. The outside furnace sheet shall extend as 
high as the lower tube sheet. A slope of not over 2 ins. from 
mud-ring to lower tube sheet shall be permissible in the internal 
furnace sheet so as to avoid unstayed plate in the lower tube sheet 
outside of the tubes. 

Mud-Ring. — The mud-ring shall be a welded continuous ring 
of rectangular cross-section shaped to an accurate circle. Holes 
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for the rivets shall be drilled accurately and in a true radial 
direction. 

Manhole. — One 11 ins. X 15 ins. manhole shall be located in the 
shell on the front of the boiler, in the center of the middle course. 
It shall have a pressed steel frame or ring and shall be fitted with 
a pressed steel cover, bolt, yoke and a copper or rubber gasket. 
The frame shall have a net cross-sectional area on a line through 
its center parallel to the axis of the shell, whose tensile resistance 
is at least equivalent to the tensile resistance of the shell plate 
removed on the same line. 

The frame shall be riveted to the shell with two rows of rivets. 
The resistance of the rivets in shear or in crushing on one side of 
the longitudinal section through the center of the frame shall not 
be less than the tensile resistance of the plate removed on the same 
section. 

Handholes. — Handholes shall be located near the bottom of 
the middle course so placed as to communicate with the avenues 
in the tubes. Handholes shall be located near the bottom of the 
external furnace sheet to facilitate cleaning the bottom of the water 
leg. These handholes shall be symmetrically spaced. One hand- 
hole shall be located directly above the fire door. 

Nozzles. — Two cast steel nozzles of approved design shall be 
machine-riveted to the shell for main steam and safety-valve 
connections. The flanges which join the shell shall be beveled and 
calked on the outside. They shall be placed about 180 degrees 
from one another and located about 12 ins. below the top ring seam. 

Feed Pipe. — About halfway between the manhole and ring 
seam next above, a feed pipe flange and bushing shall be located. 
The entrance shall be in line with one of the avenues in the tubes. 
An internal feed pipe screwed into the bushing from within shall 
pass to the center of the boiler. The size of pipe specified shall be 
used throughout. 

Blov>off Connection. — A blow-oflf pipe of the specified size shall 
be located as low as possible over the mud-ring. A reinforcing pad 
of the same thickness as the external furnace sheet shall be securely 
riveted to the latter. In general, several of the mud-ring seam 
rivets and one or two stay bolts are used in attaching the rein- 
forcement. 

Water Column Connections. — In the side of the upper courses, 
tappings of the size specified for the water column connections 
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shall be located about 7 ft. apart verticallyi and so arranged as to 
readily accommodate the mean water level. To reinforce the 
holes either pads of boiler plate or standard flanges may be used. 

Fusible Plug. — In a place conveniently accessible an extra 
heavy tube shall be inserted. A fusible plug shall be screwed 
into this tube from the outside with its center located at least one- 
third the tube length above the lower tube sheet or crown sheet. 
Room shall be provided to use a small wrench in screwing home 
the plug. The fusible core shall be so tapered as to withstand the 
pressure as it is applied in this case. 

Smoke Bonnet. — With as large a diameter as possible a 2 ins. X 
2 ins. X T^ in. angle iron shall be riveted to the top tube sheet. To 
this angle a sheet iron uptake shall be riveted having an opening 
through the top or sidC; the area of which is about 90 per cent of 
the internal transverse tube area. 

Fire Door Opening. — The internal and external furnace sheets 
shall be flanged out a sufficient distance to bring the fire door seam 
within reach of the riveting machine. The opening shall be ellip- 
tical in shape and shall measure 19 ins. X 24 ins. in the clear. Four 
tapped holes shall be provided to attach the door frame. 

Aah'Pit. — A cast iron ash-pit frame shall be provided with 
double doors. The top where the mud-ring rests shall be narrow 
enough so that leakage in either the internal or external mud-ring 
seam may be calked tight without lifting the boiler. 

77. Statement of Problem. — The calculations necessary in 
connection with the design of a vertical straight shell boiler 
follow: 

Design a vertical straight shell multitubular boiler to conform to the pre- 
ceding specifications and to embody the following general dimensions: 
General Dimensions: * 

Rated Horse-Power (A.S.M.E. standard) 150 

Working Pressure, lbs. per sq. in 150 

Length of Tubes, ft 15 

Number of Courses 3 

Diameter of Steam Nozzles (2), ins ^ 5 

Handholes Number Size, ins. 

Mud-ring, 6 21 X 3i 

Crown sheet, 4 4X 6 

Fire door, 1 2| X 3f 

Diameter of Feed Pipe, ins 1§ 

Diameter of Blow-off Pipe, ins 2 

Diameter of Water Column Connections, ins 1} 
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Type of Staying for upper Tube Sheet Diagonal 

Kind of Coal Bituminous 

Types of 'Joint to be used: 

Ring Seam Joints Single-Riveted Lap. 

Vertical Joints: [ Butt-joint with inside and out- 
Two Upper Courses { side cover plates, having an effi- 

^ ciency of at least 93 per cent; 

Outside Furnace Sheet Butt-joint with outside cover 

plate only. 

Liside Furnace Sheet Single-Riveted Lap. 

Design to include: 

(a) Complete calculations. 

(&) Working drawings, fully dimensioned, of 

(1) Tube sheets. Plan drawing showing half view of upper and 
half of lower tube sheet, including staying and tube arrange- 
ment. Scale 3 ins. » 1 ft. 

(2) Boiler. Half plan, half inverted plan, front elevation and 
development of joints. Scale 1} ins. « 1 ft. 

The following specific values of ratios and constants, for which a 
general discussion is given in Chap. IV, will be assumed: 

Rate of Evaporation, lbs. of water per lb. of coal, about. . . 9.5 
Rate of Combustion, lbs. per sq. ft. of Grate Surface, per 

hr., about 18.5 

Ratio: Length to Outside Diam. of Tubes, about 72 

Ratio : Internal Transverse Tube Area to Grate Area, about 1:5.5 

Steam Space per Boiler H.P., cu. ft., at least 0. 80 

Ratio: Steam Space to Water Space, about 1:3 

Total Heating Surface per Boiler H.P., sq. ft., not less than 12 
Ratio: Water and Superheating Surface to Grate Surface, 

about 60 

Ratio: Water Heating Surface to Grate Surface, about. . . 45 

Ratio: Superheating Surface to Water Heating Surface ... 1:3 

Reach of Riveting Machine, ft 8 

Grate Diameters vary by inches. 

Least Factor of Safety 6 

Height of Furnace, about } Diameter of Grate. 

Width of Space outside of Tubes for inspection, ins., 

about 12 

Grate Surface per H.P., sq. ft., about 0.20 

78. Calculations. 

Grate. — From the given horse-power and the standard A.S.M.E 
rating, p. 5, the water evaporated per hour is found to be 

150 X 34.5 = 5175 lbs. per hour. 

With the given rate of evaporation this will correspond to 

-^-=-- = 644.7 lbs. of coal per hour. 
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Since each square foot of grate burns 18.5 lbs. of coal per hour, 
the theoretical grate area will be 

-r^ = 29.4 sq. ft. 

The diameter corresponding is 73.5 ins. 

Use grate diameter, 74 ins. Area 29.88 sq. ft. 

Furnace Dimensions, — With one-half inch clearance, the inside 
diameter of the furnace at the mud-ring is 75 ins., and at the top, 
71 ins., allowing a 2 in. taper for the furnace. The furnace height 
is J X 74 = 55i ins. Use 56 ins. 

Diameter of Boiler. — The thickness of the inside furnace sheet 
may be taken as t^ in., and the outside furnace sheet as ^^ in. 
Then the boiler diameter will be 

75 + I + 6 + I = 83 ins., 

allowing for a mud-ring 3 ins. wide. 

Tubes. — The diameter of the tubes, from the ratio given, is 

15X12 



70 



= 2.57 ins. 



Tubes 2J ins. in diameter will be used. 
From Table XXIX, p. 190: 

Internal circumference =7.17 ins., 

External transverse area « 4.91 sq. ins., 
Internal transverse area » 4 .09 sq. ins. 

Internal transverse tube area, from the ratio given, is 

Grate Area ^ 29.88 
5.5 " 5.5 

= 5.44 sq. ft. or 783 sq. ins. 

The number of tubes required to give this transverse area will be 

783 



4.09 



= 191.3. 



Use 191 tubes as a trial number in the tube sheet lay-out. 

Waier Levels. — With the data already found it is desired to 
determine how great a discrepancy there may be between the water 
levels as obtained from the ratio of steam space to water space 
(normal mean water level) and the water level which will secure the 
required steam space per horse-power (maximum mean water level). 
The relation of these water levels will give the designer an idea as 
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to necessary changes. Should they come reasonably close, it 
remains to determine whether or not the other ratios depending 
upon water level are satisfied, and which level will satisfy them 
best as a whole. 
The total volume nf the boiler is 

(Tube length + height of furnace) (Area 83 in. circle) 

(15 X 12 + 56) (5411) = 1,277,000 cu. ins. or 739.1 cu. ft. 

The furnace volume is 

(Height of fiunace) (Area 73 in. circle) 

56 X 4185 = 234,400 cu. ins. or 135.5 cu. ft. 

The volume of 191 tubes per foot of length is 

191 X 4.91 X 12 = 11,254 cu. ins. or 6.51 cu. ft. 

The total volume of tubes is 

6.51 X 15 = 97.65 cu. ft. 

Subtracting the volume of tubes and furnace from the total 
volume we find the steam space plus the water space to be 

739.1 - 135.5 - 97.7 = 505.9 cu. ft. 
The steam space is to be one-fourth of this or 

^ = 126.5 cu. ft. 
4 

Let the height of steam space necessary to give this volume be 
X ft., then 

5^^ - 6.51 X = 126.5, 
144 

31.07 a; = 126.5, 

X = 4.07 ft. or 48.84 ins. 

which is the distance of the normal mean water level from the top 
tube sheet. 

Allowing 0.80 cu. ft. of steam space per horse-power, the steam 
space should be 

150 X 0.80 = 120 cu. ft. 

To find the height x necessary to give this volume note that the 
volume of the boiler per foot of length, exclusive of the tubes, is 

^ - 6.51 = 31.07 cu. ft. 
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Then 

31.07 X = 120, 

X = 3.86 ft. or 46.32 ins. 

which is the distance of the maximiini mean water level from the 
top tube sheet. -*»^ 

As the amount of water heating surface in this type of boiler is 
rarely as much as might be desired and the superheating effect is of 
minor importance, the higher of the two water levels will be selected. 

TrioX Heating Surface. — The heating surface of the furnace, 
based on a mean diameter of 73 ins. is 

229.3 X 56 = 12,840 sq. ins. 

The water heating surface of the tubes is 

191 X 7.17 (180 - 46.32) = 183,100 sq. ins. 

The heating surface of the lower tube sheet is 

Area 71 ins. circle — external transverse area of tubes 
3959 - 191 X 4.91 = 3021 sq. ins. 
Total water heating surface is 

12,840 + 183,100 + 3021 = 198,961 sq. ins. 
The superheating surface of the tubes is 

191 X 46.32 X 7.17 = 63,400 sq. ins. 
The superheating surface of the upper tube sheet is 

Area 83 ins. circle — external transverse area of tubes 
5411 - 191 X 4.91 = 4474 sq. ins. 
The total superheating surface is now known to be 

63,400 + 4474 = 67,874 sq. ins. 

The several ratios may now be determined to ascertain if any 
radical change in design is necessary. 
Total heating surface per horse-power is 

198,961 + 67,874 



144 X 150 



= 12.35 sq. ft. 



which is a satisfactory figure. 

The ratio of superheating surface to water heating surface, 
desired as 1 to 3, is 

67,874 1 

198,961 2.93' 

which is a reasonably close approximation. 
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Thickness of Shell, Tube Sheets and Furnace Sheet. — With a 
joint efficiency of 93 per cent the thickness of shell is found from 
the plot^ Fig. 11, p. 57, by interpolation to be 0.61 in. 

The shell thickness will be taken f in., the furnace sheets, as 
already mentioned, will be ^^ ^- ai^d -ft^ in. respectively. The 
thickness of the crown sheet will be made ^^ in. and the upper 
tube sheet ^^ in. 

Tvbe Sheet Lay-ovi. — The arrangement of tubes is now deter- 
mined in accordance with the principles laid down in Art. 66, p. 
228. It is found that 197 tubes may be used to advantage. The 
six additional tubes will not materially affect any ratios previously 
found. They will, indeed, tend to increase the heating surface 
which is desirable. 

Final Ratios. — The final ratios called for on the tube sheet 
drawing may now be computed and compared with those given in 
the problem. 

Grate Area, G. — The grate area will be 4301 sq. ins. or 29.88 
sq. ft. as already determined. 

Internal Transverse Tvbe Area, C. — The internal transverse tube 
area amounts to 805.7 sq. ins. or 5.60 sq. ft., this being the cross 
section of 197 tubes, at 4.09 ins. per tube. 

Heating Surface, H. — The heating surface is of two kinds, viz., 
water heating surface, W.H.S., and steam heating surface or super- 
heating surface, S.H.S. 

The water heating surface will comprise, (a) the inside surface 
of the tubes to the mean water level, (6) the furnace sheet, (c) the 
crown sheet, exclusive of tube sheet holes. These several quanti- 
ties are: 

(a) 197 X 7.17 (180 - 46.3) = 188,850 sq. ins. 
(6) 229.3X56 = 12,841 sq. ins. 

(c) 3959 - 197 X 4.91 = 2,992 sq. ins. 

TF.ff.iS. = 204,683 sq. ins. or 1421.4 sq. ft. 

The superheating surface consists of the remaining tube area 
and the top tube sheet exclusive of the tube sheet holes, or 

197 X 7.17 X 46.3 = 65,400 sq. ins. 
5411 ~ 197 X 4.91 = 4,444 sq. ins. 

SJH.S. = 69,844 sq. ins. or 485 sq. ft. 
Hence H = 1421.4 + 485 = 1906.4 sq. ft. 
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Steam SpacC) S, — The steam space will be the volume of the 
boiler above the mean water level minus the tube volume in this 
space. This is readily obtained by multipljong the superheating 
surface of the top tube sheet, already found, by the distance down 
to the mean water level. 

S = 4444 X 46.3 
= 205,760 cu. ins. or 119.1 cu. ft. 

Water Space, W. — The water space includes the entire volume 

of the boiler, minus that occupied by the tubes, furnace and steam 

space. 

Vol. of boiler = (180 + 56) (5411) 

= 1,277,000 cu. ins. 

Vol. of furnace = Mean area X Height 
or 4185 X 56 = 234,400 cu. ins- 

Vol. of tubes is 

197 X 4.91 X 180 = 174,100 cu. ins. 

Steam space = 205,760 cu. ins. 
Hence 

W = 1,277,000 - 234,400 - 174,100 - 205,760 

= 662,740 cu. ins. or 383.5 cu. ft. 

The several ratios may now be obtained and compared with 
those desired. 

H ^ 1906.4 
G 29.88 

= 63.8 (actual) 60 (desired). 

W.H,S. 1421.4 



(1) 



(2) 



(3) 



G ' 29.88 

= 47.6 (actual) 45 (desired). 

S.H.S. ^ 485 
W.H.S. 1421.4 
1 



(4) 



(5) 





2.94" 


s 


119.1 


w 


383.5 




3.11^ 


s 


119.1 



(actual) i (desired). 



H.P. 150 

= 0.795 (actual) 0.80 (desired). 



^^^ Q 29.88 
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C 5.60 



^^ (actual) g-^ (desired). 



^^^ H.P. 150 

= 12.7 (actual) 12+ (desired). 

. ^^ fl.P. 150 

= 0.20 (actual) 0.20 (desired). 

Staying. — The centers of the diagonal braces, Scully, Fig. 140, 
p. 250, for the upper tube sheet are placed halfway between the 
tube stiflf line, a line approximately one-half the tube radius from 
the centers of the outside tubes, and the flange stiff line. From 
the drawing the radius of the stay rivet circle is found to be 34^^ 
ins. The width of the space to be supported by stays is 5J ins. 

The diameter of the rivets used in the braces is J in. and the 
upper tube sheet is ^^ in. thick. The following quantities should 
be noted for this rivet diameter and plate thickness, at the given 
working pressing: • 

Maximum spacing of stayed points as regards plate, Table 
XXXIX, p. 233, 7.22 ins. 

Area that one rivet will support, Table XL; p. 235, 24.05 sq. ins. 

The area which may be allotted to the two | in. rivets of one 
brace is 48.10 sq. ins. 

The length of area 5i ins. wide which the two rivets will support 
is then 

V lor ^^ •/.oo ms« 

O.l^O 

To find the length of area which one stay can safely support, 
assume the angle of the stay with tube sheet to be 80 degrees, and a 
factor of safety of 8 on an ultimate tensile strength of 55,000 lbs. 
per sq. in. One stay will then support 

55,000 X 0.994 X 0.9848 . ^ ^ 
8X150 = 44.8sq.ms. 

The length of area supported by one stay is 

g ^og = o- • ^ ins. 
o.l^o 
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This, being less than that given for the rivets, .will determine the 
spacing of braces. It i^ to be noted that in no place is there a 
length of plate between supported points greater than that allowed, 
viz,, 7.22 ins. 
The number of braces is now readily obtained 

Circumference of 68J in. circle 



8.76 



= 24.45. 



Twenty-four stays will be used, six in each quarter of the tube 
sheet. This will reduce the factor of safety slightly, or from 8 to 
7.85. 

Stay BoUs in Water Leg. — Assuming stay bolts IfV ins. in diam- 
eter the allowable load per stay bolt, as determined from Table 
XLVI, p. 264, is 5718 lbs. The area which one stay bolt will 
support is 

6718 oo io 

Y^jT- = 38.12 sq. ms. 

The maximum distance between stay bolts ss regards plate is 
found to be 5.62 ins.. Table XXXIX, p. 233, ^j^ in. plate and 150 
lbs. per sq. in. pressure. The area supported by one stay bolt 
would be 

5.62 X 5.62 = 31.60 sq. ins. 

This quantity being less than that previously found will determine 
the pitching of the stay bolts. 
The number of spaces between ring seams will be 

56 



5.62 



= 9.96. * Use 10 spaces. 



The number of rows circumferentially will be, using the larger 
radius of the furnace, 

75 T 



5.62 
Thus the pitch is 



= 41 .8. Use 42 spaces. 



^^ "^ = 5.609 ms. 



42 
The circumferential pitch on the outside furnace sheet is 

-j^ = 6.207 ms. 
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This is well within the 7.22 ins. allowed as per Table XXXIX, 
p. 233. 

Design of LongUvdinal Riveted Joint. — The type of butt-joint 
selected must be such that an efficiency of 93 per cent may be 
obtained with a main plate thickness of f in. These conditions 
are satisfied by either of the quadruple-riveted butt-joints shown 
in Tables XXI and XXII. Joint P, page 172, will be selected. 
Assuming a rivet 1 in. in diameter, reference to Table XXII shows 
the maximum pitch to be 14.55 ins. with an eflSciency of 93.1 per 
cent. The calking pitch pi is one-third of the calculated pitch 
or 4.85 ins. With an outside cover plate J in. thick, this pitch will 
not calk. Hence it is necessary to increase the outside cover plate 
thickness to f^ in., for which the calking pitch is 4.97 ins.. Table 
XXIII, p. 173, which is satisfactory. This change does not affect 
the pitch. The pitch as determined from Table XXII is not in- 
dependent of the inside cover plate thickness. Therefore, the 
latter must be taken ) in. as given in the table. The several 
laps on the vertical joints of the shell may now be foimd from the 
tables of Art. 48. 

Outside cover plate, main joint. Fig. 76, p. 139. Lap = 1.35 ins. Use 1^ ins. 

Inside cover plate, main joint. Table III. Lap » 1.48 ** Use 1^ 

SheU, main joint. Table IV. Lap = 1.65 " Use IH 

Cover plate, outside furnace sheet. Table III. Lap = 1.55 " Use 1^ " 

Outside furnace sheet. Table III. Lap « 1.43 '' Use 1^^ '' 

It should be noted that the laps of the single-riveted lap joints 
cannot be definitely determined until the pitches of these joints 
are known. Therefore the design of these joints will precede that 
of the longitudinal joint, the insertion of the latter being de- 
pendent upon the ring seam laps of the shell and furnace 
sheet. 

Ring Seam Joint. — In determining the pitch for the ring seam 
rivets it should be noted that with the exception of the middle 
joint the two plates are of different thicknesses. From Table 
VII, p. 157, it is found that for 1 in. rivets in f in. plate the maxi- 
mum pitch is so small that the rivets cannot be driven. The same 
table shows that for ^^ in. plate the maximum pitch is 2.14 ins. 
with an efficiency of 53.3 per cent. Since it is desirable to have 
the same number of rivets in all of the girth joints, the above 
pitch will be assumed as a trial ring seam pitch. Its final accept- 
ance will be dependent upon the efficiency resulting from its use 
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in the middle joint where both plates are f in. thick. The num- 
ber of pitches in a ring seam will be 

83 IT 



2.14 



= 121.8. 



Reducing this to 120, a number divisible by both 4 and 6, the 
resulting pitch is 

83 TT 



120 



= 2.17 ins. 



The efficiency of the middle ring seam may now be found from 
equation (79), p. 115, since the pitch it is proposed to use is greater 
than the theoretical maximum pitch. 

y ^ 0.7854 X 45,000 
2.17 X 0.625 X 55,000 
= 0,4737 or 47.37 per cent. 

This figure is more than one-half of the longitudinal joint effi- 
ciency, and the above pitch may, therefore, be considered satis- 
factory. 

The ring seam laps for the main plate, upper tube sheet and 
outside furnace sheet may now be found from Table III, p. 137. 

Main plate Lap « L38 ins. Use If ins. 

Upper tube sheet Lap =1.43 " Use 1^ *' 

Outside furnace sheet Lap =1.43 " Use l^^^ " 

Inside Furnace Sheet Joints. — The pitch of the rivets for the 
crown sheet, as determined from Table VII, p. 157, is 2.47 ins. 
As this is more than the 2f ins. allowed for fire seams, p. 132, 
the pitch must be reduced to the latter figure. Using 2f ins. as 
a limit the number of furnace seam pitches is 

2.375 ~ ^'^•^• 

Using 96, in order that the number may be divisible by 4, the 
pitch will be 

^ = 2.33 ins. 
96 

and the efficiency from formula (78), p. 114, 

2.33 - 1 



y = 



2.33 
= 0.571 or 57.1 per cent. 



N 
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The maximiim pitch for the rivets in the vertical lap joint on 
the furnace sheet is 2.47 ins. As this is also a fire seam its pitch 
must be reduced to approximately 2f ins. The distance between 
ring seams being 56 ins. the number of spaces called for will be 

56 



2.375 



= 23.58. 



As the plates in this case are without curvature this number 
may be safely reduced to 23. The corresponding pitch is 

^ = 2.435 ins. 

The pitches in both of the above joints having been reduced 
the laps are obtained from the plot, Fig. 77, p. 140. 

Crown sheet Lap » 1.50 ins. Use 1^^ ins. 

Furnace sheet, ring seam Lap » L50 '' Use 1^^ " 
Furnace sheet, vertical joint Lap =1.53 " Use 1^ " 

Insertion of Longitudinal Joint. — The distance between ring 
seams may now be found. Allowing i in. for beading, the outside 
surfaces of tube sheets are 179.5 ins. apart. It is desired to place 
the crown sheet rivets and the upper ring seam for the outside 
furnace sheet at the same level. From the top of the upper tube 
sheet to the highest ring seam will be: 

Outside radius of flange + iV ui. (to insure flat plate for calking) 
+ the shell lap, or 

3 X T^T + tV + If = 3i ins. 

From the lower side of the crown sheet to its ring seam will be: 

Outside radius of flange (taken 3 ins.) plus inside furnace sheet 
lap, minus thickness of crown sheet, or 

3 + 1 A - /it = 4J ins. 

The distance between ring seams will be 

179.5 - 3i + 4i = 180.5 ins. 

Allowing for 4 end pitches pi, Fig. 98, (0.8 X 4.85 = 3J ins.) 
the remaining distance between the seams is 

180.5 - 4 X 3.875 = 165 ins. 
This will give 

165 
j^ = 34.05 short pitches pi. 
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Try 35 short pitches; on the upper course 16, and on the middle 
course 19, both of which are multiples of three, plus one. 
The corresponding value of the short pitch is then 

165 A P^t 4 ' 

■17=- = 4.714 ms. 

which is within the 3 per cent allowed, Art. 50, p. 142, without 
changing the eflSciency of the joint. 

The width of outside cover plate is known when the distance 
between rivet rows is found. This may be obtained graphically, 
Fig. 52, p. 101, or by use of equation (72), p. 100. It is 2^ ins. 
The outside cover plate width is 

2 (W^ + 2^7^ + IH) = Hi ins. 

The distance between the outside rivet rows must be at least 
enough to allow -^^ in. clearance between heads, or 2^ ins. It is 
taken 2J ins. The width of inside cover plate is then 

2 (li + 2i + 1 + A + lA + 2/,r + IH) = 21.5 ins. 

With the joint satisfactorily inserted the final factor of safety 
may be obtained from equation (89), p. 117. 

^ _ / 4.714 X 3 - A / 55,000 X 0.625 \ 
^•^* V 4.714X3 / V 150X41.5 / 

= 5.13. 

OiUside Furnace Sheet Joint. — The type of joint selected is 
that shown in Fig. 101, p. 149. Hence the pitch of the rivets 
is one-half that of the stay bolts or 2.805 ins. Reference to 
Table XXIII, p. 173, shows this pitch to be well within the 
calking limit. The distance between rows as determined from 
equation (72) or found graphically by the method of Fig. 52, 
p. 101, is If ins. The half-width of cover plate is 

li^ir + If + Wjf = 4f ins. 

Riveting around Manhole and Steam Nozzle Openings. — The 
arrangement of rivets for attaching the manhole ring is that given 
in Fig. 156, p. 276. Two steam nozzles of specified size for steam 
pipe and safety valve connections are located 12 ins. from the 
top ring seam. Rivets | in. in diameter are used in both 
cases. 
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WqUt Column Cannedians. — Flanges for IJ in. pipe, as given 
in Table XL VII, p. 283, are located to receive the water column 
connections. 

Feed Pipe Bushing, — The feed pipe bushing located in the rear 
of the middle course is that shown in Fig. 170, p. 288, for 1}' in. 
pipe. 

The following drawings, Figs. 191 and 192, have been prepared 
to accompany the foregoing calculations. 



CHAPTER VIII. 

DESIGN OF A LOCOMOTIVE TYPE BOILER 

For Contractors' Use. 

In this chapter there will be worked out the complete design 
of a locomotive type boiler mounted on skids to illustrate the prin- 
ciples laid down in the previous chapters. 

The illustration, Fig. 193, shows the usual form in which this 
boiler is manufactured. Its chief advantage is portabiUty but 
when applied to a permanent installation and covered with in- 
sulating material it is also a very effective steam generator. The 
fire box consists of a rectangular chamber with either a flat or 
slightly curved roof. Water legs surround the furnace upon all 
sides and a copious layer of water is required above the crown sheet 
to prevent overheating. The front wall of the furnace constitutes 
the rear tube sheet. From the latter numerous fire tubes run to 
the front tube sheet. The tubes are spaced much after the manner 
of a horizontal cylindrical boiler. The exterior sides of the fur- 
nace course are vertical with a semi-circular portion at the top. 
Numerous stay bolts support the flat plate forming the water legs. 
A flanged fire door opening provides entrance for the fuel. Above 
the furnace the flat vertical plate at the rear of the boiler is stayed 
by diagonal braces running forward and anchored to the shell. 
The furnace roof is stayed either by crown bars or radial stays, 
depending upon the size and type of the boiler. . 

The outside wall of the water leg at the front end of the grate is 
called the throat sheet. Its upper edge is semi-circular in form 
and is flanged forward to conform to the curvature of the boiler 
shell forming the second course. The throat sheet and upper half 
of the furnace course complete the circle into which the middle 
course is riveted. The extension of the front course forms a smoke 
box from which an outlet leads upward. 

Steam and safety valve nozzles are attached to the front and 

rear courses respectively. A manhole is installed in the center of 

367 
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the middle course. The upper portion of the front tube sheet is 
stayed in the usual manner with diagonal braces. 
- Fire box brackets upon either side of the boiler are bolted to the 
furnace course. This often requires the local use of flush stay 
bolts. The front end of the boiler is supported by a pedestal 
riveted to the smoke box extension. Small handholes are in- 
stalled over the fire door and at the comers of the water legs giving 
complete access to all sides of the fire box. A blow-off pipe is 
atta^ched to the lower part of the throat sheet. The grates are 
supported by a bearer bolted to the mud-ring and sufficient room 
is provided below the tubes for a fire of ordinary thickness. The 
furnace must also have considerable height to secure space for 
the mingling and combustion of the gases over the fire. 

79. Specifications. — The following general specifications are 
intended to apply to the design of any locomotive type boiler for 
contractors' use: 

Shell Plates. — Plates shall be of best quality O. H. Firebox 
Steel, having the following qualities: 

Tensile strength, lbs. per sq. in.: 

• Not less than 62,000 

Not more than 62,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

Tni A* • ft • i lfO0U|U0u 

Elongation in 8 ins., mm. per cent ' ' — 

Heads. — Heads shall be of best O. H. Flange Steel, having the 
following quahties: 

Tensile strength, lbs. per sq. in. : 

Not less than 55,000 

Not more than 65,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

Elongation in 8 ins., min. per cent * ^ ' — 

All heads shall be machine-fianged by the spinning process to an 
inner radius not less than two times the plate thickness, and shall 
be thoroughly annealed. 

Rivets. — Rivets shall be of the best quahty of soft 0. H. steel 
according to the following specifications: 

Tensile strength, lbs. per sq. in. : 

Not less than 45,000 

Not more than 55,000 
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Elongation in 8 ins., min. per cent, but need not ex- 

.^oA ^ 1,500,000 * 
ceed 30 per cent tt-s 

Shearing strength, lbs. per sq. in 45,000 

Crushing strength (bearing pressure), lbs. per sq. 

in. of projected area 96,000 

Rolling. — The plates shall be roiled cold by gradual and regular 
increments to the exact radius required and the whole circumfer- 
ence rolled to a true circle. Butt-straps shall be rolled to the same 
radius as the shell in special forms made for that purpose. 

Planing. — The edges of the plates shall be beveled to an angle 
of about 75 degrees on a plate planing machine. After the heads 
have been flanged and annealed, the calking edge shall be turned 
off on a milling machine to the same bevel as the shell plates. 

Seams and Riveting. — All external longitudinal seams shall be 
of the butt-joint type with inside and outside cover plates. The 
circular or girth seams in the shell shall be of the single-riveted lap- 
joint type. The fire box and mud-ring seams shall be of the single- 
riveted lap-joint type. The seam in the throat sheet where the 
latter joins the cylindrical shell shall be of the double-riveted lap- 
joint type. Longitudinal seams shall come well up in the steam 
space and be arranged to break joints in the several courses. 

Rivets shall be tV in. smaller in diameter than the holes they are 
to fill. All holes shall be drilled to size with all plates and cover 
plates in place, after the plates have been rolled. After drilling 
the holes the plates shall be taken apart and the burrs removed 
from the edges of the holes. Previous to the drilling the holes may 
be punched cold to a size I in. less than their finished diameter. 
All riveting shall be done with a hydraulic riveting machine where- 
ever practicable, pressure being kept on each rivet until it has taken 
its shrinkage to insure tight joints. Rivet heads, on all machine 
driven rivets, shall be of the type ordinarily used in pressure work. 
Where necessary the rivets may be pneumatically driven, the 
formed head taking the above shape, the other retaining its original 
shape. 

Calking. — All seams shall be carefully calked with a piieumatic 
hammer, using a round-nosed calking tool. 

Tubes. — Tubes shall be made of the best American lap-welded 
or seamless steel, arranged in straight rows with a circulation space 
at the center of the boiler if possible. Tube holes shall be punched 
not over 1 in. in diameter, drilled to size with a revolving cutter 
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and (he edges chamfered to a radius of yV in. Tube ends shall be 
carefully expanded and beaded over with pneumatic tools. 

Water Legs. — Water legs at least 3 ins. in net width shall be 
provided at all sides of the fire box. A forged or cast steel mud- 
ring shall seal the bottom of the water legs and provide a surface 
against which the inner and outer sheets may be calked. 

Fire Box. — A symmetrical rectangular fire box shall be pro- 
vided, giving ample grate area and space for the combustion of the 
fuel at a reasonable rate. The surface of the grate shall come at 
least 2 ins. above the upper surface of the mud-ring. Sufficient 
room shall be provided between the surface of the grate and the 
lowest tubes to permit the use of a heavy fuel-bed without danger 
of clogging the tube holes. The furnace roof and side sheets shall 
be made without a seam, rolled from one piece of plate. The 
furnace roof shall be curved to a large radius or left fiat as per 
previous agreement. 

Staying in Front Tvbe Sheet. — The front head above the tubes 
shall be stayed with diagonal braces and the arrangement shall be 
such as to secure an even spacing of the stayed points and a good 
support for the entire surface. The reaches of plate between stay 
rivets shall not exceed in length those allowed for stay bolts on 
fiat plates of similar thickness. The braces shall be so spaced as 
to secure the most uniform loading possible. The braces shall be 
of weldless steel and of approved design. The angle between the 
brace and shell shall in no case exceed 20 degrees and suitable 
anchorage shall be provided where the braces join the shell. 

Staying in Water Legs. — Solid steel stay bolts with 12 threads 
per inch shall be used for staying the fiat sheets at the sides of the 
furnace. The thread shall be continuous through both sheets and 
after screwing in place the stay bolt end shall be securely riveted 
over by pneumatic hammer. The spacing of such stay bolts shall 
conform to the requirements of the thinner sheet if the two sheets 
joined are of different thickness. The stay bolts shall be spaced 
in regular order and shall secure a good support for the entire 
surface. 

Staying of Furnace Roof. — The staying of the crown sheet above 
the furnace shall be either by means of radial stays or slung crown 
bars as per previous agreement. For radial sta3rs the spacing 
shall be regular throughout, all stays being placed radial to the 
furnace roof. When the angle at which the radial stay meets the 
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shell is less than 75 degrees, a double thickness of plate shall be 
employed at the anchorage in the outer shell. No inherent 
strength shall be assumed from the curvature of the furnace roof, 
the stayed points being spaced the same as in the water legs. 
In the case of slung crown bars ample strength shall be provided 
in the links, pins and aAgles used to safely sustain the entire load 
upon the furnace roof. 

Throat Staying. — The space occasioned by the removal of tubes 
to make room for the handhole in the front tube sheet shall be 
stayed by the insertion of one or more weldless steel boiler braces 
in the lower part of the rear tube sheet. The arrangement of this 
staying shall be such as to keep all reaches of unsupported plate 
within safe limits and to give a secure support for the entire area* 
To provide circulation such brace heads shall be set off from the 
tube sheet a distance not less than 3 ins. by the use of 1 in. pipe 
thimbles inserted upon the rivets. 

Staying in Rear External Furnace Sheet, — The segment of plate 
above the water leg surrounding the fire door shall be supported 
either by weldless steel boiler braces anchored to the shell or by 
vertical angles in pairs slung from the boiler shell by eye bolts. 
In the case of diagonal braces the same specifications shall obtain 
as in the front tube sheet. The brace shanks shall run forward to 
the shell with a maximum deviation from a radial position of not 
more than 5 degrees. A secure anchorage shall be provided at the 
shell and care shall be exercised that brace rivets are not in close 
proximity to radial stay bolt holes. In the case of slung angles 
one or more eye bolts may be used to anchor the same to the shell. 
Such eye bolts shall have abundant area to support the share of the 
load from the stayed plate which naturally comes upon them, no 
assistance being assumed from the inherent stiffness of the fiat 
sheet. 

Manhole in SheU. — One manhole 11 ins. X 15 ins. shall be located 
in the shell on top of the boiler in the center of the middle course. 
It shall have a pressed steel frame or ring riveted to the shell. 
It shall be fitted with a pressed steel cover, bolt and yoke, and 
a copper or rubber gasket. The frame shall have a net cross- 
sectional area on a line through its center parallel to the axis of the 
shell, the tensile strength of which is at least equivalent to that of 
the shell plate removed on the same line. The frame shall be 
riveted to the shell with two rows of rivets. The resistance of the 
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rivets in shear orin crushing on one side of the longitudinal section 
through the center of the frame shall not be less than the tensile 
resistance of the plate removed on the same section. 

Handhohs. — Five 3 ins. X 4^ ins. handholes shall be installed in 
the external furnace sheets of the boiler, four being placed at the 
bottom of the water legs and one over the fire door near the furnace 
roof. The handholes shall be so arranged as to give complete 
access to all the sheets forming the fire box of the boiler. There 
shall be at least 1 in. of flat plate in the clear around each hand- 
hole opening. Provision shall be made for the use of a standard 
cast steel handhole cover and yoke. 

One handhole 4 ins. X 6 ins. in size shall be located in the lower 
part of the front tube sheet so placed as to give access to the 
interior of the shell below the tubes. 

Nozzles. — Two cast or forged steel nozzles of diameter specified 
shall be machine-riveted to the shell at the top of the front course 
for main steam pipe and safety valve connections. The flanges 
which join the shell shall be beveled and calked on the out- 
side. 

Water Column Connections. — Two holes of diameter specified 
shall be drilled in the furnace course near the rear end and rein- 
forced with forged steel pipe flanges to provide for the water 
column connections. The water connection shall be taken from 
a point in the right water leg of the shell about one foot below the 
center of the boiler, and located about 12 ins. from the rear ex- 
ternal furnace sheet. A similar opening at the top of the shell 
shall be provided for the steam connection. 

Feed Pipe Connections. — Upon the right side of the boiler at a 
level a httle below that of the top row of tubes and at the center of 
the middle course a forged steel pipe flange shall be riveted to the 
shell. The size of the flange shall be sufficient to accommodate a 
suitable brass feed pipe bushing. The feed pipe shall be screwed 
into this bushing from without and a male and female elbow with 
distributing pipe from within. The latter shall extend about 4 ft. 
along the side of the boiler toward the front, its front end being 
capped and its lower half perforated to throw the feed water into 
the circulation. 

Blotihoff Connections. — A forged steel pipe flange or pad shall 
be riveted to the throat sheet just above the mud-ring and tapped 
to receive the size of blow-oflf pipe specified. 
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Mud-Ring. — A welded or cast steel mud-ring 3 ins. wide and 
at least 2\ ins. high shall be provided to seal the water legs of 
the boiler. The same shall be securely riveted to the inside and 
outside sheets with a pitch of rivets corresponding to the thickness 
of the thinner sheet. At the corners the mud-ring shall be forged 
both inside and out to fit the necessary overlap of the sheets. 
Boiler patch-bolts screwed and riveted to place may be employed 
upon the outer radius of the mud-ring corners. 

Smoke Box. — Provision shall be made in an extension of the 
front course for a smoke box. The area of the uptake leading 
therefrom shall be approximately one-eighth that of the grate. 

Fusible Plug. — A fusible plug of approved pattern filled with 
pure tin shall be located in the highest portion of the furnace roof 
near the rear tube sheet fiange. 

Supports. — Two cast steel brackets of approved design shall 
be attached to each side of the rear course so as to support the 
boiler upon skids. The brackets may be attached to the water 
legs by extra long stay bolts, the same being securely riveted after 
screwing to place. The steel brackets shall be thoroughly annealed 
and tightly calked around their edges to prevent leakage. In case 
this is undesirable a thin gasket of soft steel shall be fastened be- 
tween the shell and the bracket and calked tight. The pedestal 
forming the front support shall be a steel casting designed to give 
adequate strength for connecting the skids at the front end and 
supporting the cylindrical shell of the boiler at the same time. 
The shell shall rest in the cradle thus formed. The brackets and 
pedestal shall be securely bolted to the skids upon which the boiler 
is to be transported. 

Test — A hydrostatic pressure test (cold water) of one and one- 
half times the working pressure for which the boiler is intended, 
shall be apphed, and the boiler shall be suitably designed for tight 
joints under that pressure. 

80. Statement of Problem. — The solution of the following 
problem will be given in full. 

Design a locomotive type boiler for contractors' use with smoke box in 
the shell extension/to conform to the preceding specifications and to embody 
the following general dimensions: 
General Dimensions: 

Rated Horse-Power (A.S.M.E. standard) 125 

Working Pressure, lbs. per sq. in 150 

Length of Tubes, ft 15 
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• Number of Courses 3 

Diameter of Steam Nozzles (2), ins 4} 

Diameter of Feed Pipe, ins IJ 

Diameter of Blow-off Pipe, ins 2 

Diameter of Water Column Connections, ins l{ 

Kind of Coal Bituminous 

Types of Joints to be used: 

Ring Seam Joints Double-Riveted Lap. 

Firebox Joints Single-Riveted Lap. 

Butt-joint with inside and out- 



Longitudinal Joints. 



side cover plates, having an 
efficiency of at least 94 per cent. 
Design to include: 

(a) Complete calculations. 

(b) Working drawings fully dimensioned, of 

(1) Tube sheets, water leg and fire box with staying. Scale 3 ins. 

«lft. 
C2) Boilet: end view, longitudinal section and development of 
joints. Scale 1} ins. » 1 ft. 
The following specific values of constants, for which a general discussion is 
given in Chap. IV, will be assumed: 

Rate of Evaporation, lbs. of water per lb. of coal, about 9 

Rate of Combustion (bituminous coal), lbs. per sq. ft. oT 

Grate Surface per hr., about 17. 6 

Ratio: Length to Outside Diameter of Tubes, about 60 to 1 

Ratio: Internal Transverse Tube Area to Grate Area, about 1 to 6 

Steam Space per Boiler H.P., cu. ft., about 0. 80 

Ratio: Steam Space to Water Space, about 1 to 2.5 

Heating Surface per Boiler H.P., sq. ft., at least 10 

Ratio: Heating Surface to Grate Surface, about 45 to 1 

Mean Water Level above Crown Sheet, ins., at least 6 

Boiler Diaipeters to vary by increments of , ins 6 

Reach of Riveting Machine, ft 8 

Grate Width to be consistent with vertical water legs, the 

latter having a net width of, ins 3 

Least Factor of Safety 5 

81. Calculations. 

Grate. — The number of pounds of water to be evaporated per 
hour may be obtained from the rated horse-power (A.S.M.E. 
standard, p. 5). 

125 X 34.5 = 4312.5 lbs. of water per hour. 

The coal to be burned per hour is found from the above and the 
rate of evaporation given. 

— ^-^ = 479.2* lbs. of coal per hour. 
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From the rate of combustion the theoretical grate area is found 
to be 

^^ = 27.38 sq. ft. 

Trial size of grate 5 ft. wide by 6.5 ft. long which gives 27.5 sq. ft. 
Tubes. — The tube diameter for the given ratio of length to 
outside diameter is 

-g^=3ms. 

Tubes 3 ins. in diameter will be used. 
From Table XXIX, p. 190: 

Internal circumference — 8.740 ins., 
External transverse area » 7.069 sq. ins., 
Internal transverse area = 6.079 sq. ins. 

The total internal transverse tube area is computed from the 
theoretical grate area and the ratio given 

27.38 X 144 ^_^ . 

X = 657.1 sq. ms. 

The number of tubes to give this area is 

6.079 " ^^•^• 

The attempt will be made to lay out 110 tubes on the tube sheet 
drawing with suitable spacing for this type of boiler. 

Boiler Diameter, — On account of the irregularity of the steam 
and water space in the furnace course it will be assumed that three- 
fourths of the total boiler volume is contained in the cylindrical 
portion. If, therefore, it is desired to obtain a final steam volume 
of 0.8 cu. ft. per horse-power, the diameter of the shell will be based 
upon a trial volume three-fourths this amount or 0.6 cu. ft. per 
horse-power. 

Then 

Steam space, 125 X 0.6 = 75 . cu. ft. 

Water space, 75.0 X 2.5 = 187.5 cu. ft. 

rv u 110 X 180 X 7.069 ^^ ^ .. 
Tube space, t^Sq " 81 . 02 cu. ft. 

Total 343.52 cu. ft. 

For a length of 15 ft. the corresponding area of the head will.be 

343.52 X 144 



15 



= 3298 sq. ins. 
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• 

This area corresponds to a diameter of 64.80 ins. To bring the 
latter to a practical figure and make some allowance in the capacity 
of the boiler, the diameter will be made 66 ins. 

Water Levd. — In anticipation of the use of radial stays the roof 
of the furnace is given a curvature corresponding to an inside radius 
of 84 ins. In order to insure 6 ins. of water over the furnace roof, 
the latter must be so located as to give the stipulated amount with 
respect to the mean water level. The total steam volume in the 
cylindrical portion as calculated above is 75 cu. ft. With tubes 
15 ft. long the area of the steam segment will be 

75 

T^ = 6 sq. ft. or 720 sq. ins. 

Then 

A ^ 720 

D^ (66)« 

= 0.1653. 

Prom the plot, Fig. 118, p. 213, 

^ = 0.263 

or 

h = 17.36 ins. 

Adding to this 6 ins., the distance from the crown sheet to the top 
of the boiler should be 23f ins. 

Thickness of Cylindrical Shell, — The desired shell thickness is 
readily obtained with the given data from the plot. Fig. 11, p. 57, 
where the joint efficiency is taken 94 per cent. 

Thickness = 0.479 m. 

Use a thickness of shell equal to J in. The tentative thickness of 
tube sheet will be assumed ^ in. since the necessities in regard to 
staying are not severe and there is considerable Uability to over- 
heating in the fire box. 

Tube Sheet Lay-ovi. — Before proceeding further with the calcu- 
lations, the arrangement of tubes must be determined from the 
tube sheet drawing. 

In order to provide for a thickness of fuel-bed of at least 12 ins., 
the pitch line* of the mud-ring will be assumed approximately 
52 ins. below the center of the cylindrical shell. This will give 
plenty of room for the location of the grate level well above the 
surface of the mud-ring. With the necessary allowances for the 
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circulation and spacing it is found that 110 tubes can be accom- 
modated without difficulty in the tube sheet if placed upon diag- 
onal rows. This number will give a slight increase in the heating 
surface which is very desirable in this type of boiler. 

Final Ratios. — Having established the steam and water vol- 
umes of the* boiler, the ratios called for upon the tube sheet draw- 
ing, Fig. 194, will next be determined. 

The dimensions of the grate previously assumed, 5 ft. X 6.5 ft., 
giving an area of 27.5 sq. ft., will be adopted since they fit well the 
diameter of the boiler and the width of water leg chosen. 

The heating surface contained in the tubes is as follows: 

110 X 8.7 4 X 15 ,^^, ., 

TTi = 1201 sq. ft. 

12 

To find the heating surface inside the fire box the latter will be 
assumed to be 5 ft. wide, 5.5 ft. long and 4.5 ft. high. The in- 
ternal area of the four sides and top will, therefore, be 

Top, 5X 5.5 -27.5 sq.ft. 

Two sides, 2 X 5.6 X 4.5 - 49 . 5 sq. ft. 

Front and rear ends, 2 X 5 X 4.5 — 45.0 sq. ft. 

Total 122.0 sq.ft. 

From this must be deducted about 5.5 sq. ft. for the area of the tube 
holes and 1.5 sq. ft. for the fire door opening, making a net heating 
surface in the fire box of 116 sq. ft. Then the total heating surface 
for the boiler will be 

1201 + 115 = 1316 sq. ft. 

The heating surface per H.P. will then be 

1316 



125 



= 10.53 sq. ft., 



an amount well in excess of that required. 
The ratio of the heating surface to the grate area is 

27.5 '•^' 
which is satisfactoty. 

The relation between the transverse internal area of the tubes 
and the grate surface is as follows: 

110X6.079 ^ 1 
27.6 X 144 5.92' 

which is close to that called for in the specifications. 
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The final volumes of steam and water must next be corrected 
for the irregularities due to the arrangement of the fire box. The 
total length of the boiler is as follows: 

Tubes + fire box + water leg = Total length. 
15 ft. + 5.5 ft. + 3 ms. = 20.75 ft. 

The area of the steam segment was formerly found to be 5 sq. ft., 
hence the total volume for the above length of boiler is 

20.75 X 5 = 103.75 cu. ft. 

and the steam volume per H.P. is 

103.75 



125 



= 0.83 cu. ft. 



This figure is fully equal to the quantity usually employed in 
horizontal return tubular boilers, hence it will be considered 
satisfactory. 

The final water volume is made up of that contained in the 
cylindrical shell plus the volume contained in the water legs and 
over the roof of the fire box. 

The area of a circle 5.5 ft. in diameter is 23.76 sq. ft. From this 

must be deducted the area of the steam segment, 5 sq. ft., and 

the combined transverse external area of the tubes. The latter 

quantity is 

110 X 7.069 . .^ .^ 
^ = 5.40 sq. ft. 

The net transverse area occupied by the water in the cylindrical 

shell is 

23.76 - (5 + 5.40) = 13.36 sq. ft. 

The total volume of water in the cylindrical shell is, therefore, 

13.36 X 15 = 200.4 cu. ft. 

The transverse area between the mean water level and the line 
aby Fig. 194, where the parallel sides of the water legs begin, is 
found by the use of the planimeter upon the drawing to be 525.4 
sq. ins. The volume corresponding to this area for the length of 
the furnace course is 

525.4 X 5.75 



144 



= 20.98 cu. ft. 



The distance from the surface of the mud-ring to the line ofc, 
where the curvature of the crown sheet commences, measures from 



CALCULATIONS 379 

the drawing approximately 51 ins. and the distance from the 
former point to the average level of the fmiiace roof is 57 ins. 
The total volume in the water leg containing the fire door opening 
is, therefore, approximately, 

3 X 66 X 57 ^ -^ .. 
j^28 = ^-^ ^^' **• 

Deducting from this the volume occupied by the door opening, 
assumed 0.5 cu. ft., the net volume of the rear water leg is approxi- 
mately 6 cu. ft. The volume of the water leg at the throat calcu- 
lated similarly is 2.83 ,cu. ft. The volume of the two side water 
legs is 

2 X 3 X 51 X 66 -,^ .. 
1728 == "-^ ^^- f*- 

The total water volume in the boiler is, therefore, as follows: 

Shell 200.4 cu. ft. 

Over furnace 20.98 cu. ft. 

Rear water leg 6.0 cu. ft. 

Throat leg 2.83 cu. ft. 

Two side legs 11.61 cu. ft. 

Total 241.82 cu. ft. 

The ratio of the steam to water volume is, therefore, 

S ^ 103.75 
W 241.82 

^ 1 
2.33' 

which is sufi&ciently close to the ratio given in the specifications. 

Disengaging Surface per Horse-Power. — With the tubes located 
in correct relation to the mean water level, the value of 

h ^ 17.38 
R 33 

= 0.527. 
From the plot of Fig. 119, p. 216, this ratio gives a value of 

1 = 1.766 
or . w =^ 58.28 ins. 
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The total disengaging surface for an inside boiler length of 249 
ins. is 

r^2 ~ 100.8 sq. ft. 

and the disengaging surface per H.P. is 

100.8 



125 



= 0.806 sq. ft., 



a quantity well within the limits prescribed by Table XXXVIII, 
p. 215. 

Staying, — Taking up the staying in the order given in the 
specifications the procedure is as follows: 

Front Tube Sheet, — Assuming the thickness of the front tube 
sheet i in., the maximum allowable plate spacing. Table XXXIX, 
p. 233, is 6.42 ins. Drawing the stiff line of the tubes and the 
flange curve at the margin of the sheet, the total height of segment 
to be stayed measures, from the drawing, 25.63 ins. Dividing this 
quantity by the plate spacing 6.42 indicates that four zones and 
three layers of diagonal braces will be necessary. Each zone will 
have an approximate height of 6| ins. Using rivets | in. in diameter 
in the braces the area which may be supported by each rivet, at 
150 lbs. per sq. in. pressure, is found in Table XL, p. 235, to be 24.05 
sq. ins. The circumferential spacing of the rivets to give this area 
will, therefore, be 

24.05 _ 
6.39 "*•''' 

or about 3f ins. The arrangement shown in the drawing, Fig. 
194, is obtained by trial and the several areas supported per rivet 
determined by use of the planimeter. It is evident that there 
is a fair distribution of load among rivets. The lower rivets come 
rather close to the tubes, but if placed much farther away there 
will be too much unstayed plate in that region. 

Water Legs and Furnace Roof, — To avoid overheating, the 
crown- and side-sheets of the fire box will be made t^ in. thick. 
The maximum plate spacing, from Table XXXIX, p. 233, for the 
given thickness and pressure ia 5.62 ins. Starting at the pitch 
line of the mud-ring this distance is stepped up the water leg and 
around the crown-sheet to the mud-ring upon the other side of the 
furnace. Reducing this spacing to 5^^ ins. will make it an in- 
tegral fit between these limits, the number of spaces from mud- 
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ring to mud-ring being 33. The points thus indicated are the 
center lines of the stay bolts supporting the water legs and crown 
sheet. Lines drawn radial to the furnace roof will indicate the 
direction of the radial stays in that locality. It is evident by use 
of a protractor that the four radial stays on each side next above 
those in the water legs form angles with the shell tangents less 
than 75 degrees. Hence a double thickness of plate is used at 
their anchorages. 

The diameter of stay bolt to be used may be determined from 
the area supported as follows: 

Total load per stay bolt with the latter pitched on squares 

5.62 X 5.62 X 150 = 4738 lbs. 

By reference to Table XLVI, p. 264, it is seen that stay bolts 
1| ins. in diameter are necessary and that there is a reasonable 
margin between their strength and the load to be supported. 
The longitudinal distance between the furnace ring seams is found 
from the drawing to be 61 f ins. Inserting 11 stays in this length, 
the spacing is 5.11 ins. which is less than the plate limit given above. 
If the above longitudinal spacing were continued below the 
center line of the boiler a wide unstayed space would result at 
each end of the furnace course. To obviate this, 6} ins., a quan- 
tity less than the maximum pitch for § in. plate, is set off from 
each ring seam to the first stay bolt of the furnace course. The 
remaining length 55^ ins. is stayed by bolts 5.05 ins. apart. The 
throat sheet and the rear external furnace sheet will be assumed 
i in. in thickness, respectively. The maximum spacing which may 
be employed in reference to plate of this thickness is 6.42, Table 
XXXIX, p. 233. The stay bolts necessary in the latter case must 
sustain a load of 

6.42 X 6.42 X 150 = 6182 lbs. 

and their diameter must be 1^ ins^ if a good margin of strength is 
to be allowed. 

Throat Stays, — Proceeding according to the principles ex- 
plained in relation to Fig. 139, p. 248, it is evident that two Scully 
braces will be necessary at the throat. The arrangement shown 
in the drawing, Fig. 194, is found by trial. The areas indicated 
are determined by planimeter and are safe ones for thimbled 
rivets \i in. in diameter. The braces are made 24 ins. long and 
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are anchored to the shell just in front of the throat. A diameter 
of shank of 1| ins. is used. 

Rear External Furnace Sheet, — Starting at the pitch line of the 
mud-ring the stay bolts supporting the water leg around the fire 
door are spaced vertically with a pitch of 6/^ ins., a figure sub- 
stantially equal to the maximum spacing derived from Table 
XXXIX. In order to make the horizontal spacing of these stay 
bolts symmetrical with regard to the vertical center line of the 
boiler a pitch of 6 ins. is used. The horizontal row near the fur- 
nace roof is arranged by trial to conform to the curvature of the 
crown sheet. The load per stay bolt with this arrangement will be 

6/t X 6 X 150 = 5790 lbs., 

a quantity somewhat lower than the allowable amount for 1^ in. 
steel stay bolts, Table XLVI, p. 264. A fire door, Fig. 168, p. 285, 
with an internal opening 20 ins. wide by 15 ins. high is placed 
with its center 19i ins. above the pitch line of the mud-ring. 
This arrangement gives a symmetrical location with regard to the 
stay bolts and permits the fuel-bed to be of sufficient thickness as 
well. To conform to the elliptical outline of the fire door opening 
the stay bolts in close proximity thereto are rearranged as shown 
in the drawing, Fig. 194. 

Angles. — The staying in the upper portion of the rear sheet is 
best accomplished by riveting heavy vertical angles to the plate 
and connecting them by forged diagonal eye bolts to the shell above 
the furnace. Selecting for trial two angles, 5 ins. X 4 ins. X f in., 
and placing them back to back with a distance of 1| ins. in the 
clear, it is evident that the vertical stay bolt pitch lines may be 
prolonged to the top of the shell and that the rivets may be seated 
suitably with such an arrangement. Stay rivets 1 in. in diameter 
will be selected for trial. The maximum plate spacing in 7 in. 
plate at 150 lbs. per sq. in. pressure is 6.42 ins., Table XXXIX, 
p. 233. The maximum allowable area per rivet with the diameter 
and pressure at hand is 31.42 sq. ins.. Table XL, p. 235. An 
approximate vertical spacing may be found by dividing the load 
area by the plate spacing, or 

31.42 



6.42 



= 4.895 ins. 



From the latter figure a vertical spacing var3ring from 4f ins. to 
4f ins., as shown on the drawing. Fig. 194, is assumed. The plate 
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supported by the several stay rivets is determined by the method 
of loci given in Fig. 139, p. 248, and by use of a planimeter 
the corresponding areas and loads are found. The angles are 
prolonged toward the top of the shell to the Umit of 'flat plate, in 
order that as staunch an arrangement as possible may be secured. 
At the same time the two diagonal eye bolts will be designed of 
suitable size to sustain the sum of all the rivet loads in order to 
prevent overloading of the flange by the angles. 

Rod Shanks, — The areas assignable to the several rivets are 
set down upon the drawing, Fig. 194. Multiplying each of 
these by the working pressure, the total load upon the pair of 
angles near the vertical center line of the boiler is found to be 
35,000 lbs., and that upon the angles remote from the center line 
25,200 lbs. To avoid mistakes in assembling the boiler parts all 
the diagonal eye bolts will be made of the same diameter. In- 
asmuch as the diagonal eye bolts may run at an angle of 20 de- 
grees with the shell the gross load per bolt under the worst 
conditions will be 

By reference to Table XLIV, p. 246, it is evident that a rod shank 
1| ins. in diameter will be required. This size will be used for 
anchoring all the angles to the shell. At the left side the stay 
rivets do not properly support all of the plate, hence a Scully brace 
with shank diameter IJ ins. and head containing two i in. rivets, 
is inserted as shown. The load upon these rivets is within safe 
limits. The diagonal eye bolts reach forward at angles of 15 and 
20 degrees, respectively, with the shell. 

Pins. — The pin by which the eye bolt is attached to the angles 
is calculated as a beam supported at the ends and having a dis- 
tributed load equal to the gross rod pull, 18,620 lbs. Substituting 
in the usual beam formula 

y 

and using a modulus of rupture about 1.8 times the tensile strength, 
the value of the pin radius may be found. The span of the theo- 
retical beam is assumed to reach to the centers of the angle legs 
which form the supports. 



384 BOILERS AND PRESSURE VESSELS 

Then, using a factor of safety of 6, 

18,620 X 2.5 _ 60,000 X 1.8 X itt^ 
8 6X4 ■ 

Solving, r = 0.744 in. and the pin diameters should be taken 
1^ ins. 

Rod Eyes. — Following the procedure set down in regard to link 
eyes, p. 256, the area through the pin center will be made to 
exceed that of the rod shank by 50 per cent. Assuming the 
width of eye as 1| ins. to correspond to the space between angles, 
it is easily found that the diameter of eye must be 3^ ins. 

Pads. — The pad at the shell end is assumed of the proportions 
shown and is made to seat six J in. rivets. The shearing load per 
sq. in. on these rivets will be 

17,500 



6 X 0.601 



= 4850 lbs.. 



which represents a factor of safety of about 9 and is therefore a safe 
stress. The bearing pressure upon the rivets, for a shell thickness 
of i in., is 

^ ^ 'f, N/ n K ~ ^^'^^ ^^- P®^ sq. in. of projected area. 

The latter ISgure represents a factor of safety of about 15 and con- 
sequently will not cause local distortions in the shell. It is to be 
noted in the arrangement of rivets in the angles that a margin 
of about 6 ins. is preserved between the outer rivets and the 
shell. This is necessary in order to permit some flexibility. The 
assumption that the diagonal eye bolts carry all the load from the 
angles is doubtless very far upon the safe side. In some cases it 
may be wise to choose eye bolts somewhat less than the diameter 
given in the table in anticipation of the fact that a good portion of 
the load will be transmitted directly to the shell. The assumption 
given above, however, is believed to be a correct one for cases of 
this kind in general. 

Riveted Joints. — There are four riveted joints demanding at- 
tention in this boiler, viz.: the longitudinal seams, the shell ring 
seams, the throat joint and the fire box seams. The latter only 
are exposed to the fire and hence their calking limits must be 
established by reference to the values given upon p. 132. 

In selecting the longitudinal joint it is to be noted that an 
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eflSciency of at least 94 per cent is required. Therefore, joint 0, 
the proportions of which are given in Table XXI, p. 171, will 
be selected. With the thickness of shell ^ in. this joint gives a 
range of efficiencies slightly higher than that called for. 

The following data is necessary in ascertaining the pitch and 
laps of the various joints: 

Thickness of shell } in. 

Thickness of tube sheets } in. 

Thickness of fire box, sides and top ^ u^- 

Thickness of throat sheet } in. 

Thickness of fire door sheet, external | in. 

Thickness of inside cover plate / . . A in. 

Thickness of outside cover plate to be gov- 
erned by the necessities in regard to 
calking. 

With a rivet |4 in. in diameter the pitch, as taken from Table 
XXI, p. 171, is 17.42 ins. and the corresponding efficiency 94.6 
per cent. 

The calking pitch along the outer row will, therefore, be 

17.42 , ^-_ . 
— i — = 4.355 ms. 

Referring to Table XXIII, p. 173, it is noted that the calking limit 
for a working pressure of 150 lbs. per sq. in. with if in. rivets 
is 4.57 ins. and that with this figure an outer cover plate at least 
i in. in thickness must be used. The joint will, therefore, be made 
up with such an outside cover plate since the thickness of the latter 
does not aflfect the pitch. The rivets in the outer rows of this 
joint fail by shearing and those upon the inner by crushing, hence 
the following lap values may be determined. 

Inside cover plate. Table III. Lap =1.42 ins. Use 1^ ins. 

Outside cover plate. Fig. 76, 7 = 1. Lap = L23 ins. Use li ins. 
Main plate. Table IV. Lap — 1.54 ins. Use 1^ ins. 

The distance between the staggered rows along the inside of 
this joint is 2^ ins., found graphically by the method of Fig. 52, 
p. 101. The next outer row of rivets will be placed IJ ins. from 
the lap edge to provide room for driving the rivets, and the outer- 
most row 2j ins. farther from the joint center. 

The ring seams in the shell will be single-riveted lap joints. 
The pitch of \i in. rivets in i in. plate, Table VII, p. 157, is 2.07 
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ins. and the corresponding efficiency 54.6 per cent. This is ample 
for the requirements at hand. 

On account of expansion and contraction from its proximity to 
the fire box, the throat seam is under severe stresses in locomotive 
type boilers. Therefore this joint, embracing the lower semi-cir- 
cumference of the shell, will be double-riveted and its ends calked 
into the ring seam where the furnace course joins the middle course. 
The pitch corresponding to the conditions at hand, Table VIII, 
p. 158, is 3.20 ins. and the efficiency 70.7 per cent, both of which 
are adequate for this seam. The distance between diagonal rows, 
as determined graphically from the method given in Fig. 52, 
p. 101, is 1.85 ins. Use 1| ins. The value of the lap from Table 
III, p. 137, is 1.36 ins. Use If ins. 

The pitch of the hot seams joining the furnace sheets will be 
based upon a thickness of plate of ^^ in. In order to present less 
metal to the destructive action of the ISre J in. rivets will be used 
in all the fire seams. Referring to p. 132, it is noted that the dis- 
tance between rivets, p — d, under the given conditions may be 
If ins. Hence the pitch to be used will be 

P = I + If 
= 2J ins. 

The theoretical pitch under similar conditions, Table VII, p. 157, 
is 2.00 ins. Consequently the laps to be used will be based upon 
the shearing of the rivets rather than upon the tearing of the plate. 
Referring to Table III, p. 137, the following l^p values are noted: 

For ^ in. plate. Lap « 1 . 30 ins. Use 1|^ ins. 
For I in. plate. Lap = 1.24 ins. Use 1^ ins. 

All the seams in the fire box, including that at the mud-ring, will 
use the pitch just calculated since such a value is safe against 
leakage and presents a minimum amount of metal to the action 
of the fire. 

\ Insertion of Seams, — The length of plate between the ring 
seams at the throat and smoke box, as determined from the draw- 
ing, Fig. 195, is 180.5 ins. With the thicknesses of plate at hand 
it will be possible to end the joints in the ordinary manner by tuck- 
ing the outside cover plate under the succeeding course. Refer- 
ring to joint 0, Fig. 97, the inside pitch pi, previously determined, 
was 4.355 ins. Then the end pitches px will be 

4.355 X 0.8 = 3.484. Use 3f ins. 
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There are four of these end pitches in the two joints to be installed, 

hence 

3| X 4 = 13i ins. 

will be deducted from the above length between seams, leaving a 
net distance for regular pitches equal to 167.0 ins. The number 
of small pitches comprised in this seam will be 

167.0 



4.356 



= 38.34. 



Assuming that 38 pitches will be used, the actual short pitch 
will be 

' = 4.394 ins. 

This shght increase will not serve to alter the calculations made 
in deriving the pitch. The corresponding long pitch p will be 
17.58 ins. and the efficiency practically that of the original pitch, 
94.6 per cent. 

To avoid conflict with the staying the steam pipe and safety 
valve nozzles must be attached to the front course, therefore the 
latter will be made somewhat wider than the middle one. If 21 
small pitches are inserted in the front course and 17 in the middle, 
their respective pitch line lengths will be 

Front course 21 X 4.394 + (2 X 3f ) = 99.02 ins. Use 99 ins. 
Middle course 17 X 4.394 + (2 X 3|) = 81.45 ins. Use 81J ins. 

The odd pitch is inserted in each joint in order to make the rela- 
tion between the outer and inner rows of rivets that shown in the 
drawing. Fig. 195. The objection is sometimes raised that the 
rivets in the outer row should not come immediately adjacent to 
those in the staggered rows. While it is doubted whether this 
distinction amounts to much, the joint is inserted with this criti- 
cism in view. Forty pitches could have been used, making two 
duplicate joints or twenty pitches each, the insertion being pre- 
cisely that shown in Fig. 97. 

The circumference of a circle 66 ins. in diameter is 207.3 ins. 
Dividing this by the ring seam pitch 2.07 ins., 100 spaces are indi- 
cated in the girth joints. The semi-circumference forming the 
throat seam will require 

207.3 



2 X 3.20 



= 32.44 spaces. 
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Reducing this to 32, the actual pitch to be used will be 

207.3 « ^ . . . 

Tz 7Z7^ = 3.244 ins. 

2 X 32 

Mountings. — The drawing, Fig. 195, shows the attachment of 
the steam nozzles, manhole, feed and blow-off pipes, and water 
column connections called for in the specifications. 

Uptake. — The uptake generally ranges between f and J of 
the boiler diameter in width, and comprises about \ the grate area. 
The necessary transverse area, therefore, for this case will be 

—^ = 3.44 sq. ft. 

Assuming the width as 45 ins. the requisite depth will be 

7= = 11 ms. 

45 

With semi-circular ends, an outlet 12 ins. X 45 ins. will be used, and 
at least 2 ins. of clear plate will be secured around the opening 
to provide for the attachment of the smoke pipe. The cast iron 
smoke box door-frame is bolted to the smoke box extension by 
small eye bolts. 

Fusible Plug. — The location of the fusible plug in the crown 
sheet near the front end of the fire box is required by law. If there 
are stay bolt holes along the center of the fmnace roof the fusible 
plug may be inserted in the clear plate at the right or left. 

BlovH)ff. — A pad of J in. plate riveted to the lower portion of 
the throat sheet provides the specified blow-off connection. 



CHAPTER IX. 

TANK DESIGN. 

Tanks may be divided into two general classes, viz., rectangular 
tanks and cylindrical tanks. The former, being in reality a 
series of flat plates, are necessarily weak and difficult to make 
tight. Even if of moderate size they require thorough bracing. 
This may be accomplished by through stay rods in conjunction 
with structural shapes securely riveted to the sides, or, where 
through rods cannot be used on account of the solidity of the 
contents of the tank, such as in the case of tallow tanks, the sides 
may be stiffened by riveting structural shapes directly to the 
shell plates. 

Such tanks are rarely used where the pressure within is other 
than that due to the weight of liquid contained. Rectangular 
pressed steel tanks made in sections with pressed ribs are on the 
market* and combine [strength with lightness. The sections are 
four feet square and are bolted together, the joints being made 
tight with lead strips ^ in. thick placed between the flanges and 
calked from the inside. 

Tanks to withstand high pressures are ordinarily made cylin- 
drical in shape. Such tanks include stand-pipes, water-towers, 
vulcanizers, dyeing vats, bleaching kiers, digesters, cold and hot 
water tanks, etc. The principles laid down for the design of 
steam boilers hold equally well in these cases so far as strength, 
riveted joints and staying are concerned. The complications 
due to contact with the flames are not met, however. 

Cylindrical tanks as Uquid containers are usually placed with 
their axes either vertical or horizontal. When vertical the capacity 
is readily calculated for any given depth. When the axis is hori- 
zontal the capacity is not as easily determined, and Table LIV 
has been prepared to assist in obtaining the contents of such 
tanks. The table reads in cubic feet per foot of length for every 
inch of depth, the tanks varying from 18 ins. to 96 ins. in diameter 

* American Spiral Pipe Works. 
389 



390 



BOILERS AND PRESSURE VESSELS 



xn 



> 



xj 

3 



52 

I 

o 



o 

n 

o 






o 
o « 

I ' 

S H 
♦- o 

.a I 






s 



s 



00 






s 



s 



9 



ss 



s 



9 



S 



OO 



s 



00 



s^ 



s; 

s 






s 



M3 



M 



C« 



C4 



§ 



ooooo^H^H»^o^o^coc«©^'^»ctocdcbt^r>^o6o6cioi 



OOOOOi-i^H^HC^c^cocoe<3'^'^icioocdi>i>^o6o6c» 



ooooO'-<'-<«-^c«iic<oicoeo'^-^»o«d?o«c>r>^t^o6o6oi 



5S :?* ^ !i S5 3! cvi CO 
00 i-H Ti< t^ 1-5 -^ 36 cnI 



O ^ Od 
OOCOJ^ 



IH 



1-HCO 



ooooO'-<'-<i-<c<c^csicoco^'^'^io»o«ooi^t^o6o6 






2S55?2S'^*^r2PC*^c^h»»oo&ootN.oo'Tf«ooi^c«05 
^«oa5^Tjji>.5coKS5JS^<oSgS^SSSS 

00000»-ii-ii-<C<ic<loicoCOCO'^-^lC>C»0«3^ts!i>Io6 






J^X 






o c^ CO »o i^ O w IO 00 ^ ^ t^ ^ ^ ob ?5 U5 OS c^ K 1-5 u3 S 

OOOOO'-<i-i»-<i-H0^C^C^C0C0C0"^'^'^»C»0C0C0<© 



5Rs3If2£?S«£iI?*23S392"^t*w'^Cbco^«5e5coioeo 
Oi-<co«5i^OiC^Ti<t^Ococoo«25oiC^coScof>.OTpoo 

oooooOi-<i-ii-<o«cvie^e^eococoTj<Tj<'^»ciocb«<© 



!iP^SS2?22^^^0*^'^t^QOO^Ococoooeo»A»ftQOc*s 
Se^QSQ*2Wi>.cooir^iO'*^»5SooSc5SSS^S 
0^coTtjco^wco<i5oo^Tf^ScoSSwSSSS5S 

oooooo»-ii-Hi-Hi-Hcsicsic<ieocococo'^TjJTj<»oio»ocd 



S2: 



CD 



fcr2J?SSsSS9s^*5cococ5i-i 

C^USt'.OC^iOOOOCOCDOSCSiOQO 



ig CO Q op CO to CO 
74 IO 00 O CO CO O) 

oooooo»-4t-i^i-Hc^c^csioicocococo-^'^'^ 



HIS 

O 1-1 



w l>- CO l^ 00 
»Ot>.CS 1-iCO 



30 O CO lO t>> O C^ lO 

oooooooi-<.-Hi-«,-Icsicsicsic^'cococo 



§OcOQsr»0)i-ii-40SCIO'<4400CO 
"^SS920it>.»ococococoW'^ 
'-jC^COiOCOOOOC^TfcOOOOC'l 



C^ WCVI 



8: 



^t>ir^cOr^r^C0Qt>- 



co ^ CO t^ OS 

00000000<-4t<Hv<Hi-4 



ooooooooo 



i-iC^CO-^»OCOt^OOOSOr-<NCO'»1<»OCOb»«OSOi-i 



8S83SS 



TANK DESIGN 



391 



«S 



IS 



I 

l-H 







I 

o 



o 

m 
o 



ll 

I > 

I I 



s 



s 



s 



s 






s 



s 



9 



9 



S 



CQ 



^ 



OO 



C9 

s 



00 



ss 






& 



3 



s 






s 



CO 



■R • 




5I 


9 




Ex 






85SSeSS588fea8S:::RSSSS8«8 



00'-<»-iNC^CO'^'^»0»OCOt'»t>»OOXOS 



88S?3 



isgS5SS8S8St:K??g58S^ 





CO 00 


OA 


K- |>w M «^ w^ rts _^ w^ fls p^ h-. 1— f 1^ <^ 


^4 


v:S8SSK8S^585S38S 


ss 


Oi Oi C^ C^ ^^ ^>( ^4 ^3 c^ ro ^f4 ^4< li^ rrt m .,,...... 




»H»H»Ht-H^H^H»-4»H»-<»^r^i-Hr^ 





§^ 



OOOiOJOOi-^i-ic^C^CQCO"^ 



^Isisss^sg 



00X0)OOOO*Hi-H 



t^»H »C05 ^00 

• •■««■ 






t^t^t^ 



• ••■■• 

• ■■•*• 
«••■•• 

• ••••• 

• ••••• 



^SS^8$SS;3^SS^i8SSS3gSgS99^9^!$$!3:$ 



VULCANIZER 393 

by increments of 6 ins. When the tank is more than half full the 
column headed "Depth in ins." may be read "Distance of liquid 
level from top" and the contents determined by subtracting this 
figure from the capacity when full, as given in the first line. 

When calculating the stress at the base of a vertical cylindrical 
tank care must be taken to note that the hoop stress is tension 
due to liquid pressure and the end-wise stress is compression due 
to the weight of the structure above. The true stress should 
then be obtained from the method outlined on page 58 and the 
design carried out accordingly. 

The use for which a tank is intended will often determine the 
material of which it is to be made or with which it is to be lined. 
Tanks in which corrosion is objectionable are usually made of 
copper. To prevent chemical action between the steel plates 
and the hquid contained, it is often necessary to use linings of 
some such material as lead or silver. The method of securing 
these linings to the shell is explained in Chap. I, Art. 14. The 
design of the tank, however, is not affected by the fact that a 
lining is to be used. 

When a cylindrical shell is to be driven at a high speed of rota- 
tion, as in the case of centrifugal dryers, it is often advisable to 
use similar joints on opposite sides to preserve a running balance. 

To illustrate the general procedure in the design of pressure 
tanks, the complete calculations and drawings will be given for a 
vulcanizer. 

82. Vulcanizer; Description, — The vulcanizer shown in Fig. 
196 is typical of this class of pressure vessels. A horizontal 
cylinder consisting of three courses has longitudinal joints of 
the multi-riveted butt-strapped type and lapped joints for the 
girth seams. Since it is desirable that the inside of the vessel 
be free from staying the heads are of the dished or spherical 
form. The head on the closed end is riveted to the shell. The 
removable head is riveted to a flanged cast steel ring, forming a 
door which is hinged to a similar ring riveted to the shell. The 
flanges of both rings are slotted to receive locking bolts, the inner 
ends of which are permanently hinged to the ring on the shell 
and the outer ends provided with nuts. A packing ring is 
inserted on the face of the inner ring. A carriage and track re- 
lieve the hinge bolts of the weight of the head when open and 
facilitate operation. Two forged steel pipe flanges on top provide 
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an inlet and outlet while a similar flange in the bottom at the 
rear is for use in draining the vulcanizer. 
83. Statement of Problem. 

Design a steel vulcanizer to conform to the following general dimensions 
and specifications: 
Greneral Dimensions: 

Length, approximate, ft 24 

Diameter, ins 60 

Working Pressure, lbs. per sq. in 125 

Number of Ck)urse8 3 

Types of Joints: 

Ring Seams Single-Riveted Lap. 

Triple-riveted butt-joint with inside 

Longitudinal Joint and outside cover plates, having an 

efficiency of at least 89 per cent. 
Design to include: 

(a) Complete calculations. 

(&) Working drawings, fully dimensioned, showing a longitudinal section, 
development of joints and details of rings. Scale 1} ins. — 1 ft. 
Specifications: 

Both heads shall be of the spherical form with a radius equal to the diam- 
eter of the shell. 

The closed end shall be riveted directly to the shell. The removable head 
shall be riveted to a flange ring. A similar flange ring shall be riveted to the 
shell, and provision made for securely bolting the flange rin^i together. 

The cover bolts shall be permanently hinged to the ring on the shell and 
shall be pocketed in slots on the rings. 
The rings shall be provided with suitable lugs for hinge pins. 
Forged steel pipe flanges shall be provided as follows: 
One 6 inch flange at the center of each end course on top. 
One 2 inch flange on the bottom at the center of the middle course and one 
20 ins. from the back ring seam. 

Materials. 

Shell Plates: 

The shell plates are to be of the best quality O. H. Firebox Steel, having the 

following qualities: 

Tensile strength, lbs. per sq. in. : 

Not lees than. 52,000 

Not more than 62,000 

Yield point, min. lbs. per sq. in 0.5 T.S. 

_,,,.. Q. , 1,500,000 

Elongation m 8 ins., mm. per cent — «, ^ — - 

Heads: 

The heads are to be of the best O. H. Flange Steel, having the following 
qualities: 
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Tensile strength, lbs. per sq. in.: 

Not less than 66,000 

Not more than 65,000 

Yield point, min. lbs. per sq. in 0.6 T.S. 

Elongation in 8 ins., mm. per cent * q — 

Rings: 

The rings shall be steel castings having the following qualities: 
Tensile strength, lbs. per sq. in. : 

Not less than 60,000 

Yield point, min. lbs. per sq. in 27,900 

Elongation in 2 ins., per cent 22 

Reduction of area, per cent 30 

The castings are to be thoroughly annealed. 

84. Calculations. 

Thickness of Shell. — Assuming a tensile strength of 55,000 lbs. 
per sq. in. and a factor of safety of 5, Fig. 11, p. 57, may be 
used to obtain the shell plate thickness. For a diameter of 60 ins. 
and a joint of 89 per cent efficiency the thickness is found to be 
0.385 in. To allow for corrosion the thickness will be increased to 
A in. 

Thickness of Heads, — The plate thickness for the dished heads 
obtained by the use of formula (2), p. 52, for thin spheres is 
0.341 in. As shown in Chap. II, Art. 20, this thickness involves 
a small factor of safety and short life. The thickness used will 
be that obtained from Fig. 15, p. 67. The thickness is found to 
be 0.625 in. for the diameter and pressure given. Use f in. 

Bolts, — The size and number of bolts to be used in locking the 

removable head may next be calculated. Assume the diameter 

of the gasket to be 64 ins. Then under a test pressure of 187.5 

lbs. or once and a half the working pressure, the total load on the 

bolts wiU be 

187.5 X 3217 = 603,000 lbs. 

If now an axial stress in the bolts of eighty times the wrench 
pull is assumed, as is frequently done in designs of this character, 
the number of bolts to resist the above load without leakage is 
readily determined. Since the test pressure causes the above 
load and an extra heavy pull on the wrench would be justified, 
the latter may be taken 250 lbs. The pull per bolt is then 20,000 
lbs., and the number of bolts 

603,000 «^ , 

2o;o6o = ^° ^^'^ ^^*"'y- 
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As the gasket is of a more or less elastic material, the bolt load 
may exceed that due to tightening up, and a factor of safety of 
10 is therefore to be used. This factor with an allowable tensile 
strength of 60,000 lbs. per sq. in. gives a working strength of 6000 
lbs. per sq. in. With this conservative figure the size of bolts is 
calculated from the working pressure. 

Hence 125 X 3217 = 402,000 lbs. 

is the total load on 30 bolts and the root area of one bolt is 

402,000 ^^^ 

:r:z ^^^^ = 2.23 SQ. ms. 

30 X 6000 ^ 

The nearest practical size is a 2 in. bolt having a root area of 
2.30 sq. ins. 

To check the necessary wrench pull on a 2 in. bolt where 
Q — wrench pull, 

80 X = 6000 X 2.30, 
Q = 172.5 lbs. 

Pin for Bolt. — The pin in the eye of the bolt may be taken as 
a beam uniformly loaded with the bolt pull necessary to hold the 
working pressure. The distance between supports is taken 3 
ins., thus allowing i in. either side of the eye for the supports. 

Then S = ^, 

where 3f = ^ 

^ 402,000 X 3 

30X8 
= 5025 in. lbs. 

Assuming a modulus of rupture for round steel of 100,000 lbs. 
per sq. in. and a factor of safety of 6, the radius may be determined. 

100,000 ^ 5025 X 4 
6 xr^ 

= 0.724 in. 

Use pin If ins. in diameter. 

The thickness of metal forming the eye of the bolt is com- 
puted on the basis of 50 per cent more area on a cross-section 
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through the eye than the root area of the bolt. Taking the 
width of the same as the diameter of the bolt, viz,, 2 ins., the 
thickness is f oimd to be 

2.30 X L5 ^ . 

2X2 ^'^ ""• 

» 

Make cross-section 2 ins. X i in., which gives an outside eye 
diameter of 3f ins. 

Rings. — The only calculation on the ring is that to determine 
the width of metal for the lugs. Dismissing the brackets, which, 
however, are a source of considerable strength, the portion be- 
tween bolts may be figured as a cantilever. The width of the 
cantilever to be tested, allowing J in. clearance in the bolt slots, 
is very nearly 

Circumferience of a 70 in. circle (assumed) ^ ^^ 
30 ^'^ 

219.91 ^^- 
or -30" "2-^ 

= 5.08 ins. 

Setting the bolts high enough to clear the rivet heads of the 
ring seam (say If ins.), the moment arm of the bolt pull on the 
section at the base of the slot will be If ins. The moment is then 



/402,000\,^_ oo>tcA- lu 
( — ^r — 1 1.75 = 23,450 m. lbs. 



The modulus of rupture may be taken as the tensile strength 
and a factor of safety of 5 is sufficient. 

Hence f^jt 

60,000 ^ 23,450 X 6 
5 5.08 A» ' ' 

A = 1.52 ins. 

This dimension will be made If ins. 

Riveted Joints. — For the longitudinal joint a butt-joint is to 
be selected which shall have an efficiency of at least 89 per cent 
with the thickness of shell previously determined, viz., ^^ in. Con- 
sulting the tables of maximum pitches it is found that a triple- 
riveted butt-joint, with rivets arranged as in joint Af , Table XIX, 
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p. 169, fulfils the requirements. With a rivet | in. in diameter 
the maximum pitch is 8.11 ins. and the efficiency is 89.2 per cent. 
The calking pitch is, then, one-half of this, or 4.06 ins. No 
table of maximum calking pitches for a working pressure of 125 
lbs. per sq. in. being given, it is necessary to calculate the pitch 
by equation (92), p. 120, 

p -d = 21.98 y|- 
For a cover plate | in. thick, 

p -d = 21.98 y/^'. 

p = 4.03 ins. 

This pitch is less than the one it is proposed to use. However, 
the difference is so small (0.03 in.) that the i in. rivet selected 
will be used with an outside cover plate f in. thick. 

The several laps may now be found from the tables and plots 
of Chap. Ill, pp. 137 et seq. The rivets are all | in. in diameter 
and the plate thicknesses as follows: 

SheU A in. 

Outside cover plate f in. 

Inside cover plate ^ f in. 

Heads f in. 

Ring seam (shell). Table IIL Lap 1.30 ins. Use l^^ ins. 

Ring seam (heads). Table III. Lap 1. 16 ins. Use 1^ ina. 

Shell, longitudinal joint. Table IV. Lap 1 . 44 ins. Use 1^ ins. 

Outside cover plate. Fig. 76. Lap 1 . 20 ins. Use 1 1 ins. 

Inside cover plate. Table III. Lap 1 . 37 ins. Use 1 f ins. 

Insertion of LongUvdinal Joint, — The distance between end 
ring seams being assumed 24 ft. six short pitches, ps, Fig. 95, 
must be subtracted therefrom to determine the number of normal 
pitches pi in the joints. Taking the short pitch eight-tenths that 
of the normal pitch, 

P2 = 0.8 X 4.06 = 3.25 ins. 
Then 288 - 6 X 3.25 = 268.50 ins. 

The number of normal short pitches pi is 

268.50 r.n OK 

Tor = ^•^^' 

Use 66 short pitches, or 22 per course. 
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The actual short pitch is, then, 

268.50 



66 



= 4.07 ins. 



The final factor of safety may now be found by means of equa- 
tion (89), p. 117. 

„ „ ^ / 8.14 - 0.875 \/ 0.4375 X 55,000 N 
• \ 8.14 ')[ 125X30 / 
= 5.72. 

Ring Seam. — The pitch of the rivets in the ring seam joints, 
as found from Table VII, p. 157, is 2.00 ins. and the efficiency 
56.2 per cent. 

The number of rivets in a ring seam will be 

Circumference of 60 in. circle 
2.00 

or ^ ' = 94.3 pitches. 

The pitch, as determined from equation (81), p. 115, to allow 
an efficiency of one-half that of the longitudinal joint, or 44.6, is 

0.601 X 45,000 
^ 0.446 X 0.4375 X 55,000 
= 2.52 ins. 

The number of pitches corresponding is 

2.52 " ^^'^' 

As a mean try 84 rivets with a pitch of 2.25 ins. 
The efficiency of this joint, obtained from equation (79), p. 115, 
since the rivets will shear^ will be 

y ^ 0.601 X 45,000 
2.25 X 0.4375 X 55,000 
= 0.50. 

The factor of safety from equation (90), p. 118, is 

^ ^ ^ 2 X 0.50 X 0.4375 X 55,000 
• 125X30 

= 6.42, 

which is larger than that for the longitudinal joint. The distance 
between rivet row? on the outside cover plate as found graphi- 
cally. Fig. 52, or by equation (72), p. 100, is 2.25 inches. 
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The width of the inside cover plate is 

2 (li^ir + 2i + U) = 9i ins. 
The width of the outside cover plate is 

2[1| + J + i + li + 2i + 1t^^] = 14| ins. 

In accordance with the calculations given, the following work- 
ing drawingSi Fig. 197, have been prepared. 
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Feed Pipes 286 

Ferrules for Boiler Tubes 195 

Standard Seamless, Table of 196 

Use of, with Boiler Tubes 195 

Final Ratios 230 

Firebox, Belpaire 274 

Fire Door Openings 283 

Seams 131 

Maximum Pitches in 132 

Flanges, Cast 291 

Forged Pipe 282 

Flat Plates 69 

Circular 70 

Continuous 78 

Elliptical 74 

Rectangular 76 

Square 77 

Strength of 69 

Flexible Stay Bolts 267 

Flues, Riveted with Corrugations 206 

Strength of 200 

Flush Head Stay Bolt 267 

Fox Furnace, Proportions of 207 

Friction between Plates 94 

Fuel, Classes of 179 

Consumption 176 

Effect of, on Design 11 

Refuse, Use of 2 

Furnace Corrugations, Proportions of 205 

Fox, Proportions of 207 

Morison, Proportions of 205 
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Furnace Purves, Proportions of 207 

Roof Staying in Locomotive Boilers 270 

Tiles, Experiments on 15 

Tubes, Grates in 301 

Furnaces, Strength of, Riveted 200 

Fusible Plugs, Proportions of 286 

Gage Cocks, Distance between 214 

Girders, Arrangement of 234 

Grate Surface 183 

per Horse-Power 231 

Grates, Design of 295 

General Dimension 12 

in Furnace Tubes 301 

in Vertical Boilers 298 

Maximum Length of 295 

Grooved Specimen Action in Riveted Joints 96 

Handhole, Comer 279 

Cover and Yoke 279 

Handholes in lleaders 280 

Sizes-of 280 

with Inside Yoke 280 

Heads, Bumped, Dished or Spherical 65 

Heat Absorption by Liquids, Experiments on 19 

Heating Surface per Horse-Power 230 

Helical Seams 79 

Holding Power of Boiler Tubes, Tests on 193 

Holes, Preparation of Rivet 91 

Hollow Stay Bolt 266 

Horizontal Return Tubular Boiler, Advantages of 16 

Design of 307 

Horse-Power, Aggregate in the United States 1 

A.S.M.E. Definition of 1898 6 

A.S.M.E. Rating 5 

Boiler, Relation to Engine 5 

Increase in, per Boiler Unit 2 

Limits of, per Unit 7 

of Boilers 5 

Huston Brace 249 

Improvements, Recent 4 

Insertion of Riveted Joints 142, 145 

Junctures in Riveted Joints 143 

Lam6 Formula for Thick Hollow Cylinders 61 

Lap Calculation 132 
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Lap Failure, Tests on 99 

Formula 135 

Limits 94 

Values 137 

Limiting Pitches of Riveted Joints 118 

Lined Tanks 46 

Locomotive TypeJBoiler, Advantages of 18 

Design of 367 

Furnace Roof Staying 270 

Localities to be Stayed 267 

Radial Stays in 270 

Smoke Box Stays in 267 

Staying in 267 

Throat Stays in 269 

Tube Sheet in 228 

Tube Sheet Staying 269 

Water Leg Staying 269 

Manhole, below Tubes 254, 278 

Cover 277 

in Front Head 254, 278 

Location of, in Shell 276 

Openings in Tube Sheet 219 

Riveting around 152 

Staying around 254 

Yokes 277 

Manholes, Tube Sheet, in Scotch Boilers 277 

Massachusetts Boiler Rules 33 

Allowable Pressure 34 

Assumed Rivet Diameters 34 

Blow-off Specifications 45 

Boiler Supports 45 

Cast Iron, Use of 35 

Cover Plate Thicknesses 39 

Factors of Safety 35 

Feed Pipe Specifications 45 

Fusible Plugs, Location of 36 

Handhole Specifications 44 

Hydrostatic Test 37 

Lap Values 43 

Longitudinal Joints, Tjrpe of 38 

Manhole Specifications 44 

Mud-Rings, Material for 38 

Rivet Holes, Punching and Drilling 43 

Safety Valve Connections 36 

Shell Plate Thicknesses 38 

Spherical Heads 39 

Spring-Loaded Safety Valves 35 
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MassachuBetts Boiler Rules: 

Stay Bolts, Pitch of 40 

Proportions of 42 

Staying above Tubes 42 

below Tubes 42 

of Tube Sheets 38 

Stays, Stresses in 42 

Steel Castings, Use of 37 

Strength of Cast Iron .' 37 

Rivets 35 

Tube Holes, Drilling of 43 

Sheet Thicknesses 39 

Water Column Connections 45 

Glass Requirements .^ 37 

Weighted Safety Valves, Size of 34 

Materials, Improvement in 4 

Necessary Qualities of, for Boiler Making 24 

Used in Boiler Design 23 

Standard Specifications for Boiler Making 25, 29 

McGregor Brace 249 

Mean Radials 245 

Method of Loci in Determining Rivet Loads 248 

Methods of Failure in Riveted Joints 95 

Morison Furnace, Proportions of 205 

Mountings, Boiler 275 

Mud-Drums, Location of 21 

Nozzles, Steam and Safety Valve 288 

Overload, Capacity for 3 

Patch Bolts, Proportions of 148 

Patches, Boiler 148 

Pipe Flanges, Cast 291 

Forged 282 

Wrought Iron, Proportions of 293 

Pitch, Maximum, on Calked Rows 173, 174 

Pitches and Efficiencies of Joints, Tables of 157 

Single Lap 157 

Double Lap 158 

Triple Lap 159 

Single Butt 160 

Double Butt, Equal Covers 161 

Triple Butt, Scalloped Cover 162 

Single Welt 163, 164 

Double Welt 165, 166 

Double Butt 167, 168 

Triple Butt 169, 170 

Quadruple Butt 171, 172 
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Plate Spacing, Majdmum 233 

Plugs, Washout 281 

Pressures, Increase in 2 

Range of / 8 

Proportions, Table of Usual, for Boilers 209 

Purves Furnace, Proportions of 207 

Radial Stays in Locomotive Boiler 270 

Ratio, Heating Surface to Grate Surface ' 230 

Smoke Area to Grate Area 230 

Steam Space to Water Space 230 

Ratios, Final 230 

Reduction of Shell Thickness at Seams 217 

Refuse Fuel, Use of 2 

Ring Seam, Factor of Safety of 118 

Rivet Diameter, Selection of 118 

Diameters, Critical Values of 101 

Limiting Values of 123, 130 

Heads, Standard 86 

Volume of 89 

Loads, Determination of 248 

Rows, Distance between. Adjacent to Laps 141 

Staggered 100 

Shank, Length of 88, 90 

Rivets, Anchor, Stresses in 264 

Arrangement of 100 

Bearing Pressure on 97, 103 

Bend Test on * 30 

Flattening Tests on 30 

Methods of Driving 85 

Physical, Properties of .- 30 

Shape of 84 

Shearing Strength of, Tests on 98 

Single and Double Shear 98 

Riveted Joints 84 

Around Circular Openings 152 

Butt-Joints 108 

Calculation of Simple 110 

Complicated 121 

Crossing Staggered Rows in 144 

Distance between Rivet Rows Adjacent to Laps in 141 

Staggered Rivet Rows in 100 

Double-riveted Lap Joint, Description of 105 

Calculation of 113 

Double Shear Joints 109 

Efficiency of 114 

End Calking in 144 

Experiments on Tensile Strength of 151 
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Riveted Joints, Factor of Safety, Longitudinal Seam 117 

Ring Seam 118 

Fire Seams 131 

General Procedure in Calculation of 128 

Grooved Specimen Action in 96 

Insertion of 142, 145 

Figures illustrating 146 

Junctures 143 

Limiting Cover Plate Thicknesses 124, 130 

Pitches of 118 

Rivet Diameters 123, 130 

Maximum Pitches in Fire Seams 132 

Method of Procedure in Calculation of 114 

Methods of Failiure in 96 

Minimum Pitch in 127 

Quadruple, Calculation of 129 

Scalloped Cover Plate 109 

Single-riveted Lap Joint, Description of 104 

Calculation of 110 

Triple-riveted Lap Joint, Description of 106 

Types of 104 

Water Leg 149 

Welt-Plate 106 

Rods, Stay, Arrangement of 237 

Rules for Safety, Various 5 

Massachusetts Boiler 33 

Exemption from 33 

Scale, Tests on Effect of 22 

Scalloped Cover Plates 109 

Scotch Boilers, Side Staying in 260 

Staying in 257 

Scully Brace 249 

Sediment, Deposit of 19 

Segments, Areas of 213 

Settings, Design of 13 

Shearing Strength of Rivets 98, 103 

SheU Thickness 217 

in Externally Fired Boilers 217 

Reduction of, at Seams 217 

Thicknesses, Plot of 57 

Commercial 217 

Side Staying in Scotch Boilers 260 

Sizes of Coal, Table of 178 

Smoke Box Stays in Locomotive Boiler 267 

Soot Blowers, Attachment of 16 

Cleaners, Gain from Use of 16 

Effect of 16 
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Spacing of Stays on Continuous Plate, Maximum 233 

Sphere, Thick Hollow 53 

Thin Hollow 51 

Spherical Heads 65 

Experiments on 66 

Plot of Thicknesses of 67 

Staying of 275 

Staggered Rivet Spacing .^ 101 

Riveted Rows, Crossing of 144 

Stay Bolt, Flush Head 267 

Bolts, Flexible 267 

Hollow 266 

Proportions of 265 

Strength of Solid 265 

Types of 265 

Rod Eyes 256 

Pins 257 

Rods, Arrangement of 237 

Diagonal 249 

Strength of Through 246 

Through 232 

Through, Proportions of 246 

Tubes, Screwed 197 

Washers, Use of 258 

Stays, Throat, in Locomotive Boiler 269 

Stayed Area, Division of 245 

Staying 231 

around Manhole 254 

at Bottom of Rear Tube Sheet 254 

in Locomotive Tjrpe Boilers 267 

in Scotch Boilers 257 

in Vertical Boilers 261 

Methods of 232 

Tube Sheet, in Locomotive Boiler 269 

with Diagonal Braces 251 

with Through Rods 232 

Steam Nozzle, High Pattern 289 

Low Pattern 290 

Nozzles 288 

Space 212 

Space per Horse-Power 230 

Steel Plate, Allowable Variations in Thickness of 28 

Bend Tests on 26 

Chemical Properties of 26 

Physical Properties of 26 

Standard Specifications for 25 

Standard Test Specimens 27 

Rivet, Bend Tests on 29 
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Steel Rivet, Chemical Properties of 29 

Physical Properties of 29 

Standard Specifications for 29 

Strain, Definition of 48 

Strength of Solid Stay Bolte 265 

Through Stay Rods 246 

Stress, Definition of : 48 

on Inclined Plane, Resultant 51 

Stresses, Apparent 48 

in Angle Stays 248 

in Channel Stays 247 

True 48 

Submerged Tube Sheet forVertical Boilers 226 

Superheater, Effect of 3 

Superheaters, Attached 10 

Flooding of 10 

Independent 10 

Superheating Appliances 9 

Supports, Boiler 293 

Tanks, Horizontal Cylindrical, Capacity of 390 

Lined 46 

Rectangular 389 

Tate Stay Bolt. * 271 

Temperature, Effect of, on Materials 23 

Range of, in Scotch Boiler 22 

Templates, Use of, in Tube Sheet Lay-outs 223 

Test Pressure 94 

Thick Hollow Cylinder 58 

Sphere 53 

Thimbles, Use of, on Stay Rivets 254 

Thin Hollow Cylinder 55 

Sphere 51 

Throat Stays in Locomotive Boiler 269 

Tile Roof for Furnace, Experiments on 15 

Tin, Use of, in Fusible Plugs 25 

Tobin Bronze, Quahties of 25 

Tools, Improvements in 4 

True Stress 48 

Tube Arrangement 220 

Sheet 218 

Arrangement of Tubes in. 220 

Diagonal Rows of Tubes in 223 

Diverging Rows of Tubes in 220 

in Dry Back Scotch Boilers 223 

in Horizontal Return Tubular Boilers 220 

in Vertical Boilers 226 

Lay-out, Use of Templates in 223 
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Tube Sheet Locomotive Boiler 228 

Manholes in Scotch Boiler 277 

Practical Thicknesses of 219 

Staying at Bottom of 254 

in Locomotive Boiler 269 

Submerged, for Vertical Boilers 226 

Vertical Rows of Tubes in 220 

Units, Size of Boiler 6 

Upsets for Boiler Tubes, Tables of 198 

Uptake Area 231 

Vertical Boilers, Advantages of 17 

Casting for Ash-Pit for 298 

Classes of 211 

Design of 347 

Grates in 298 

Stajring in 261 

Tube Sheet in 226 

Water Leg Staying in 263 

Volume of Rivet Heads 88 

Vulcanizer, Design of 393 

Washers, Use of Stay 258 

Washouts 281 

Water Consumption 175 

Effect of Impurities in 3 

Leg Joints 149 

Staying in Locomotive Boilers 269 

Vertical Boilers 263 

Levd 212 

Low 214 

Maximum 217 

Normal 214 

Requirements, Table of 214 

Tube Boilers, Advantages of 18 

Horse-Power of 8 

Yokes, Handhole 279 

Manhole ; 277 



s 

\ 

t 



I- 1 



